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Abstract  

Hydrocyclone is an equipment that is used to separate particles from produced 

water. This equipment can be used in different industries including oil and gas, 

water treatment, pharmaceutical among others.  The hydrocyclone can effectively 

separate particles more than 10µm but the efficiency is greatly reduced when the 

particle size is less than 10µm.  This research work was therefore aimed at 

improving the efficiency of small oil droplets (particle size of 0-20µm) separated 

in liquid-liquid hydrocyclone.  

In order to achieve this, the use of micro particles was employed and magnetism 

was later induced into the system. The hydrocyclone with micro-doped oil is 

referred to as the micro-hydrocyclone while the hydrocyclone that include both 

with micro-doped oil and induced magnetism is referred to as magnetic 

hydrocyclone. 

Computation fluid dynamics (CFD) was employed for the analysis of the fluid flow 

in the hydrocyclone; a review of the turbulence model shows that the Reynold 

stress model (RSM) and Large eddy simulation (LES) are the best turbulence 

models for the analysis. RSM was employed because of the reduced computational 

time when compared to the LES model. A pressure-based solver with transient 

time was used for the simulations. The discretization was done using SIMPLE for 

the pressure velocity coupling, QUICK was used for all other discretization. 

The review of the turbulence model was done to evaluate the best RANS model for 

hydrocyclone simulation as a reduction in computational time would be greatly 

appreciated.  Results of the eddy viscosity models with curvature correction terms 

and RSM model were compared to Hseih’s experimental results. The fluid flow in 

liquid-liquid and solid-liquid hydrocyclones were analysed using different 

geometrical parts to establish that the geometrical parts cannot be used to 

effectively separate particles less than 10µm as reviewed in the literature.  

A comparison of the fluid flow in liquid-liquid and solid-liquid hydrocyclone was 

also reviewed using the same hydrocyclone geometry. The impact of microparticles 

and microparticles with magnetic induction on the separation oil-emulsion was 

compared to the conventional hydrocyclone, a review of the magnetic 

permeability, charge density, magnetic particle density and effect of flowrate was 

also performed. 
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From turbulence model analysis, it was concluded that RSM better predicts the 

flow in the hydrocyclone rather than the other RANS model evaluated. However, 

the use of the eddy viscosity model with curvature correction can also be used 

with a slight reduction in efficiency. While the eddy viscosity without curvature 

correction terms does cannot be used to predict the anisotropy flow in the 

hydrocyclone. 

The results of the micro-doping analysis show that the magnetic hydrocyclone can 

improve the efficiency of particles less than 10µm by approximately 30% therefore 

the magnetic hydrocyclone is better used for particles of a size less than 10µm. 

The micro-doped hydrocyclone however provides better efficiency of particle size 

between 10-30µm while the conventional hydrocyclone is better used for a particle 

size greater than 30µm at a higher flowrate. It was also concluded that the density 

difference caused by doping oil with magnetic particles is the most important factor 

influencing the separation.  

Increasing the density of the microparticle increases the separation efficiency. For 

the split ratio, however, increasing from a density of 2175kg/m3 to 3175kg/m3 

increases the split ratio after which a further increase of the density from 

3175kg/m3 to 5175kg/m3 did not significantly affect the split ratio.  

Decreasing the magnetic permeability increases the drag force, lift force and 

moment while hydrocyclones with lower permeability have a higher velocity profile 

than hydrocyclones with high permeability. The pressure and split ratio also 

decrease with increasing permeability.  Finally, increasing the microparticle charge 

density increases separation. However, it decreases the split ratio although the 

difference is really small.  
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𝑌𝑀 Dilatation dissipation, this is normally neglected in an 

incompressible flow 

𝑦   Distance from the nearest wall 

𝑦𝑃   Distance from point p to the wall 
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𝜌𝑝  Particle density 

𝜌𝐿  Liquid density 

𝜇   Viscosity 

𝜌    Density of fluid  

𝜇𝑡    Turbulence viscosity 

𝜀    Dissipation energy 

𝛼   Inverse prandtl number 

𝜇𝑡0    Turbulent viscosity calculated without swirl modification  

Ω   Swirl number evaluated  

𝛼𝑠   Swirl constant  

Ω̃𝑖𝑗   Rotation rate 

Ω    Vorticity magnitude 

𝜌   Density 

𝛾   Intermittency factor 

𝛿   Boundary layer thickness 

𝜔   Dissipation  

𝜃   Momentum thickness  

𝜆       Molecular mean free path 

𝛾̇    Fluid rate of deformation 

𝒦   Von Karman constant (which is 0.4187) 

𝒦𝑃   Turbulence kinetic energy at the near wall node P 
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1.0 Introduction  
 

 

 

 

1.1 Research Motivation 
Produced water is a major by-product of oil and gas production with the estimated 

production rate expected to increase with the increase in well life. In 1999 it was 

estimated that over 210 million barrels of produced water are produced daily 

worldwide (Khatib and Verbeek, 2003) and in 2012 Igunmu (2012) noted that the 

daily production of produced water from oil and gas activities increased to 

approximately 250 million barrels per day. About 244 million tonnes of produced 

water was discharged into the sea in the year 2000 (Ekins, 2005) with an 

estimated dispersal oil of about 5768 tonnes while the rate of production of 

produced water in the UK increase by over 130% between 2011 and 2012 (TUV, 

2013). UKCS reported that about 53 million m3 of produced water was reinjected 

in 2017 while about 143 million m3 (1.12 billion bbl) of produced water was 

discharged into the sea in 2017 along with about 2000 tonnes (2million Kg) of oil.  

Some of the produced water was reinjected into the well. However, in the North 

sea the rate of reinjection is not very high, making the discharge of produced water 

into the sea very common in the North sea. Out of the 24.4 billion barrels of 

produced water produced in the USA in 2017, 37.9% was injected for disposal, 

44% injected for enhanced oil recovery, 0.4% evaporated, 5.5% disposed via 

surface discharge, 9.9% disposed to offsite commercial disposal and 2.3% 

converted to other beneficial use. From this, it can be deduced that about 15.4% 

(3.76 billion bbl) of produced water was disposed to the environment in 2017 (USA 

alone).  Although produced water is an inseparable part of the hydrocyclone 

recovery process; apart from the oil that it contains, it also includes other 

contaminants like dissolved formation minerals, production solids (including 

formation solids, waxes, asphaltenes, corrosion and scales products etc),  

radionuclides, chemical compounds (corrosion and hydrate inhibitors etc), 

dissolved  gases etc (Ahmadun, 2009; Hansen 1994)  

https://www.cheric.org/research/tech/periodicals/searchresult.php?articlesearch=Hansen%20BR&searchtype=author
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Produced water can undergo two types of treatment before disposal and these are 

the primary and the secondary treatments phases. The primary treatment phase 

involves separation of oil, water and solids while the secondary phase involves the 

removal of dissolved and other organic pollutants.  

The oil in water exist in three different forms; dissolved, dispersed and free oil. 

According to OSPAR 2001/1, oil in water means the total hydrocarbon in water 

(free, dispersed or dissolved hydrocarbon)  

Dissolved oil contains aromatic hydrocarbons (like beneze, ethyl-beneze, toluene 

and Xylene (BETX), napthalene, phenanthrene, dibenzoiophene (NPD) and other 

polyaromatic hydrocarbons (PAHs)) and non-hydrocarbons like organic acids and 

phenols. The amount of dissolved oil in produced water varies from 100mg/l to 

300000mg/l depending on the geological location and the age of the reservoir.  

Dispersed oil contains aliphatic hydrocarbons with particle size ranging from 0.5-

80μm, this is typically referred to as oil in water emulsion and can be stable for a 

significant period; therefore, separation of dispersed oil from produced water can 

be difficult depending of the particle size.  

Free oil has a larger particle size ranging from 150μm and above; free oil can easily 

be seen floating on the surface of water. Produced water typically contains 0.1 to 

10 volume percent of dispersed and dissolved hydrocarbons. 

Before produced water can be disposed of, either into the sea or the environment, 

the oil in the water most to be reduced to an acceptable level stated by the 

regulatory bodies. The quantity of oil in water that can be disposed offshore into 

the sea differs between regions and countries (usually ranges from 15-30mg/l). In 

Europe, the OSPAR recommendation 2001/1 set a monthly average standard of 

30mg/l for dispersed oil in produced water; the US Department of Energy set a 

monthly average standard of 29mg/l (EPA, 2015; Ahmadun, 2009), while in 

Nigeria, the Department of Petroleum Resources set the monthly standard of 

30mg/l.  The International Maritime Organisation published regulations which 

stated that 15mg/l of dispersed oil in water can be disposed offshore. The focus of 

the current studies will be on offshore disposal because onshore, 98% of produced 

water is reinjected for enhanced oil recovery and for disposal purposes while only 

9% of offshore produced water was injected in the US in 2007 (Liang, 2018) while 

the remaining 91% was discharged offshore. 
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Figure 1: Composition of Produced Water Generated in the Oil and Gas 

Industry 

 

Table 1-1: Produced Water Treatment Equipment 

Process Size of 

Hydrocarbon 

droplet removed 

(μm) 

Oil inlet 

concentration 

(ppm) 

Typical 

Specification Oil 

in effluent (ppm) 

Skim Tanks 100-150 500-10,000 100-200 

Coalescer 40 1000-4000 100-300 

API Separator 100-150 Up to 20,000 50-100 

Corrugated Plate 

Interceptor (CPI) 

30-60 500-10,000 20-100 

Hydrocyclone 10-15 Upto 5000 20-30 

Chemically reactive – will 

react with O2 form scales 

Dissolved 
Gases 

TDS 

Produced 

Water 

Free, dispersed, 
emulsified oil 

Dissolved 
Hydrocarbons 

Precipitated Hydrocarbons 
(Waxes, asphaltenes) 

Variable Flow 
Composition 

Sand 

H2S 

Presence of 

Radioactive Material 
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Induced gas 

Floatation 

5-10 Less than 500 15-50 

Dissolved Gas 

Flotation 

2-5 Less than 500 10-40 

Compact Flotation 

Unit 

2-5 Less than 500 5-15 

Crushed Walnut 2 150-200 0 

Dual media filter 2 Less than 30 0 

 

To achieve the required quality of produced water for discharge, different 

equipment can be used depending on the droplet size (table 1). The tighter the oil 

in water emulsion, the more difficult and expensive it is to separate the oil from 

the water.  

Dispersed emulsion can be classified into coarsely dispersed emulsions that 

contains droplets size more than 10μm; finely dispersed emulsion also known as 

secondary emulsion with particle size less than 10μm and are not easily separated 

from water. Factors that promote the formation of fine dispersed oil emulsion 

include increased turbulence, surface tension of the oil in water interface, viscosity 

of the oil, temperature and shearing of the oil droplet using mechanical equipment 

like pumps and choke valves 

 
Figure 1-2: Produced Water Treatment Layout 
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Cleaning of fine emulsion requires the use of complex circuits consisting of several 

series of connected cleaning methods as shown in figure 2. The knowledge of how 

this finely dispersed oil can be separated easily and cheaply is imperative, based 

on the volume of produced water disposed into the sea every year. 

1.2   Water Treatment Equipment for Fine Dispersed 

Emulsion 

There are three stages of treating produced water at the primary phase; primary, 

secondary and tertiary stages. Each stage tackles different pollutants with water 

becoming cleaner as it moves through the stages. The primary stage comprises of 

the use of API separator, skim tank, corrugated/parallel plate interceptor and 

hydrocyclone separator.  

The secondary stage of produced water treatment includes the use of a flotation 

unit; induced gas flotation, dissolved gas flotation and compact flotation units. The 

last stage is the tertiary stage or polishing stage that involves the use of adsorption 

technology (crushed walnut and dual media filters etc), membrane technology and 

centrifuges. In oil and gas production, the hydrocyclone is mostly used to separate 

dispersed oil in water emulsion, and is the preferred option for the reasons in table 

2 (the advantages and disadvantages of using each of this primary and secondary 

stage equipment). As can be seen in table 2, hydrocyclones are unable to separate 

fine dispersed emulsion (with particle less than 10µm) and are therefore unable to 

bring down the oil in water 15-30mg/l required by the regulatory bodies when the 

oil- water emulsion is tight (with very fine particles). 

 

Table 1-2: Produced Water Treatment Equipment 

 Principle Advantages Disadvantages 

Skim Tank Gravity 

Separation 

Large surge capacity 

ensuring stable flow to 

downstream. 

Large residence time and 

ensures solid separation 

Large footprint area. 

Occurrence of stagnant 

areas of fluid due to poor 

internal designs or build-

up of solids. 
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API 

Separator 

Gravity 

Separation 

A simple design with large 

residence time that ensures 

solid separation. 

 

Old design, now replaced 

by corrugated plate 

interceptors 

Solids removal from the 

bottom is difficult and 

separated solids affect the 

separator efficiency 

Large footprint area 

Atmospheric Design-

Cannot be used for PWRI 

Needs a degasser to be 

installed upstream 

Corrugated 

Plate 

Interceptor  

Gravity 

Separation 

Corrugated plates enhance 

the degree of oil-water 

separation and therefore it 

requires significantly less 

space than a conventional 

API separator 

Atmospheric Design-Cannot 

be used for PWRI 

Atmospheric Design-

Cannot be used for PWRI 

Needs a degasser to be 

installed upstream 

Plate 

Coalescer 

(PPI, CPI and 

cross flows) 

Coalescing 

and Gravity 

Separation 

No moving parts and simple 

control 

Little maintenance or 

attention required 

High efficiency at particle 

size more than 10microns 

Can handle high levels of oil 

in the produced water 

Plates can be blocked with 

solids or fouling 

hydrocarbons. Cannot 

effectively separate fluid 

with high viscosity 
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Capable of handling 

relatively large oil content 

fluctuations 

Hydrocyclone Centrifugal 

Force 

Compact in design, small 

footprint compared to other 

oil- water separation 

equipment. 

High separation efficiency of 

10-15µm 

Flexibility for volume 

change/ high volume 

flowrate. 

Versatile application 

No downtime for recovery or 

maintenance 

Operates at a wide range of 

temperatures and pressures  

Insensitive to platform 

motion 

Hydrocyclone can be used 

where there is restraint in 

power supply as this 

equipment does not require 

the use of any outside 

energy expect for the 

energy used by the 

recirculating pumps where 

required 

Difficult to separate 

particles of similar 

densities 

Energy requirement to 

pressurise Inlet is high 

Inability to handle viscous 

flow 

Extremely high velocities 

cause abrasive wear 

Hydrocyclones cannot 

produce completely dry 

underflow 

Inefficient in separating 

particles less than 10µm 

Used when an 

appreciative amount of 

free gas is not present 

 



30 

 

Brings down oil in water to 

15-30ppm required by the 

different regulatory bodies 

Induced Gas 

Floatation 

Froth 

Floatation 

Low CAPEX 

Shear forces required to 

generate the micron sized 

gas bubbles reduced the 

size of the oil droplets which 

adverse effect on the overall 

efficiency. 

Accepts high inlet 

concentration, relatively 

insensitive to changes in oil 

droplet size 

Requires steady flow for 

effective operation 

Normally requires de-

oiling chemical to be 

dosed upstream to 

optimize performance  

High OPEX 

Adversely affected by 

platform motion  

Cannot be used when 

there is restraint in power 

supply 

Dissolved 

Gas 

Floatation 

Froth 

Floatation 

The method of producing 

bubbles is relatively gentle. 

The absence of High Shear 

Forces helps better 

separation. 

 

Moving parts and 

associated maintenance 

requirements 

De-oiling chemicals 

normally dosed upstream 

to optimize performance 

Gas solubility decreases 

with increasing 

temperature which can 

make the technology less 

effective at higher 

operating temperatures 

Adversely affected by 

platform motion 
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Cannot be used when 

there is restraint in power 

supply 

Compact 

Floatation 

Unit 

Froth 

Floatation 

and 

Cyclonic 

Effect 

Residence times in CFU’s are 

significantly lower than 

traditional IGF systems, 

with residence times of 1 

minute being typical, 

compared to 4 minutes for 

IGF systems. 

Significantly smaller and 

lighter than conventional 

IGF 

Excellent turndown 

Requires deoiling 

chemical to be dosed 

upstream to optimize 

performance 

Sensitive to vessel motion 

Adversely affected by 

platform motion 

Cannot be used when 

there is restraint in power 

supply 

Crushed Nut 

Filter / Dual 

Media Filter 

Hydrophillic 

Nature of 

Crushed 

Nut Shells 

High quality water effluent 

Very efficient for IW 

Removes TSS in addition to 

OiW 

The crushed nut shells have 

an affinity to hold the oil 

particles and the suspended 

particles 

The backwash mechanism 

is high on energy and 

maintenance 

Erosional issues due to 

abrasive nature of media 

Large and heavy 

equipment. 

 

At present to separate finely dispersed oil from water, the use of flotation units 

are employed which are more expensive to build and operate, have a large foot 

print, are not quite suitable for offshore as it can be adversely affected by platform 

motion and requires use of de-oiling chemical upstream of the equipment to 

optimize performance. Therefore, the optimisation of the hydrocyclone to separate 

these fine particles will be a welcome development in the industry. 

Hydrocyclones also referred to as cyclones, are mechanical separation devices 

originally designed to promote solid-liquid separation and are frequently used in 
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mining, pharmaceutical, and chemical industries etc to separate solid particles 

from liquid media; further research performed in Southampton University (in the 

1970s and 1980s) led to the design and commercialisation of a liquid- liquid 

hydrocyclone (Thew, 1986). 

The hydrocyclone operates by fluid entering the cyclone tangentially via the inlet 

opening into the cylindrical section creating a swirling flow (vortex). The swirling 

flow (vortex) generates a high centrifugal force required to separate the particles 

from produced water thus a heavier fluid fraction spin to the wall of the cyclone 

whereas the lighter fluid fraction migrates towards the core of the cyclone. The 

swirling movement causes the flow pattern in the hydrocyclone to contain a spiral 

within another spiral with the inner spiral moving upwards while the outer spiral 

moves downwards thus creating a forced vortex at the area close to the axis and 

free-like vortex at the outer wall. The outer vortex moves downward to the 

underflow while the inner vortex flow moves in the reverse direction to the 

overflow. 

 

 
Figure 1-3: Doiling Hydrocyclone Separation 

Koleshwar S. et al, 2012 

 

The ability of the hydrocyclone to separate particles is governed by Stokes law and 

the ease of separation is directly proportional to the particle diameter, the density 

difference with the particle and the liquid phase and inversely proportional to the 

viscosity of the continuous liquid phase. 

𝑉𝑡 =
𝑔𝑑𝑝

2(𝜌𝑝 − 𝜌𝐿)

18𝜇
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Where Vt- terminal velocity, dp -particle diameter, 𝜌𝑝- particle density, 𝜌𝐿- liquid 

density and 𝜇- viscosity. 

 

Hydrocyclone separation efficiency reduces when the particle size is less than 

20µm and below (Jiang, 2019; Tang, 2016). Many research works have been 

carried out on the improvement of hydrocyclone separation efficiency, but none 

have been able to efficiently separate particles less than 10µm. This research has 

investigated how a hydrocyclone can be used to separate fine dispersed oil from 

produced water in order to reduce the cost of treating produced water, maximise 

space where there are space constraints and generally be versatile equipment for 

offshore produced water treatment irrespective of the location and weather 

condition. 

 

1.3   Research Aim and Objectives 
This section presents the overall aim and objectives of this research 

1.3.1    Aim 

The overall aim of the PhD research work is to develop a novel method of improving  

hydrocyclone effectiveness to  separate fine dispersed oil from produced water and 

fine solid particles from liquid stream by establishing design parameters through  

Computational Fluid Dynamics simulation.   

1.3.2    Objectives  

Specific objectives of the PhD are:  

To establish numerical approaches and multiphase models that can be used for 

simulating separation oil -water in the hydrocyclone to predict the effect of flow 

conditions influencing the separation of oil and water.  

To establish the accuracy of CFD predictions by comparing simulation results 

against published experimental data in predicting flow and separation of oil 

particles from water in the hydrocyclone. 
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To establish the performance of the hydrocyclone separator by investigating the 

effect of hydrocyclone geometrical parameters in the separation of oil from 

produced water with attention to the inlet diameter, spigot diameter, vortex finder 

diameter and cylindrical section. 

To establish the effect of using micro-particles in optimising the separation 

efficiency of fine oil particles from produced water in a hydrocyclone  

To establish the concept of a magnetically induced hydrocyclone with micro-

particles in comparison with conventional hydrocyclone in separating fine 

dispersed oil from water and sand particles from water of less than 10 micron. 

1.3.3    Thesis Outline 

Chapter 1 introduces the background of the problem identified in produced water 

treatment and the present study concerns. It provides an overview of the research 

motivation which details the significance of the present study; and the study aim 

and objectives. 

 

Chapter 2 reviews the literature relating to the research investigation on the 

treatment of oil emulsion in the oil and gas industry and most especially using a 

hydrocyclone, numerical analysis of flow in a hydrocyclone, the effect of geometry 

on hydrocyclone separation, the chemistry behind the use of micro-particles in a 

hydrocyclone, the effect of concentration, flowrate in a hydrocyclone and the forces 

acting in a hydrocyclone. The chapter concludes with a discussion of reducing the 

relevant of efficiently separating fine dispersed oil emulsion using a hydrocyclone 

and the relevance to the industry. 

 

Chapter 3 evaluates the methodology used in optimising the efficiency of the 

hydrocyclone for fine-dispersed oil emulsion. It describes the computational fluid 

dynamics methods for multiphase flows with a detailed description of the numerical 

equations and closure models in a hydrocyclone. It also briefly looks at the 

methodology of using applying microparticles in hydrocyclones.  
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Chapter 4 describes the numerical solution procedures, the mathematical 

equations for the multiphase flow and all the procedures used to obtain realistic 

results in hydrocyclone simulation. This chapter also covers details of mesh 

independence and validation of the numerical framework prediction of flow in 

hydrocyclone. 

 

Chapter 5 presents the results of the numerical prediction of the effect of different 

geometrical parts of the hydrocyclone and how these geometrical parts affect the 

separation efficiency of the hydrocyclone. 

 

Chapter 6 presents the result of the numerical analysis of the use of the micro 

particle and magnetically induced hydrocyclone in the separation of fine-dispersed 

oil emulsion and its effect on separation efficiency, particle size distribution, 

turbulence of flow, and pressure and forces acting in the hydrocyclone. This 

chapter will also look at the use of microparticles and the magnetically induced 

hydrocyclone in the separation of fine sand particles and its effect on separation 

efficiency, particle size distribution, turbulence of flow, pressure and forces acting 

in the hydrocyclone. 

 

Chapter 7 presents the conclusion drawn from the findings of the present study 

and the recommendations for future work 
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2.0 Literature Review 
 

 

 

 

2.1  Hydrocyclone Velocity and Force Profile 
The velocity of fluid entering the cyclone is in three components; tangential, axial 

and radial. The tangential velocity acts perpendicular to the wall, the radial velocity 

towards the centre while axial velocity acts towards the longitudinal axis of the 

cyclone, the axial component is negative (downward) close to the wall in the cone 

section and positive upward near the core increasing towards the spigot 

(underflow).  

 

The tangential velocity generates centrifugal force which separates the higher 

density particles from the lower density particles. The radial velocity on the other 

hand has a magnitude smaller than the axial or tangential velocity and is directed 

towards the centre of the cyclone and increases towards the apex thus moving the 

lighter density particles to the overflow while the larger density particles are moved 

to the wall of the cyclone thus causing separation 

 

Afolabi (2012) in his dissertation explained the effect of tangential, radial and axial 

velocity in a hydrocyclone. It was stated that the tangential velocity component is 

the main velocity component that affects the swirling flow field and its interaction 

with strong shear in the radial direction produces centrifugal forces that determine 

particle separation. Afolabi’s (2012) explanation of the velocities in the 

hydrocyclone was similar to the conclusion of other researchers (Fisher, 2002; 

Cilliers, 2011). However, none of these researchers analysed the detailed forces 

in the cyclone.  

The direction of particle motion/separation in solid-liquid is affected by the total 

forces acting on the particle (Ji, 2016; Zhang, 2017) and these forces are drag, 

centrifugal and pressure gradient. The centrifugal force is outward with positive 

values while the drag and pressure gradient forces are inward and have negative 

values (Ji, 2016; Salimi, 2011; Afolabi, 2012; Ciller 2002). Other types of force 

https://www-engineeringvillage-com.ezproxy.rgu.ac.uk/search/submit.url?CID=quickSearchCitationFormat&implicit=true&usageOrigin=recordpage&category=authorsearch&searchtype=Quick&searchWord1=%7bFisher%2C+M.J.%7d&section1=AU&database=1&yearselect=yearrange&sort=yr
https://scholar.google.co.uk/citations?user=ULLwwMwAAAAJ&hl=en&oi=sra
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that can act on particles are mass force, Saffman lift force, magnus force and 

Basset force; these forces are considered to have a minimum effect on particle 

separation. 

According to Saidi (2012), in liquid-liquid hydrocyclone, separation of large 

droplets starts from the cylindrical part of the hydrocyclone; by reducing the size 

of droplets the location of separation is shifted towards the underflow (in the 

conical section) of the hydrocyclone. However, the separation of solid from liquid 

takes place in the conical section of the hydrocyclone (Ji, 2016).  

Saidi (2012) stated that because the density difference between the continuous 

and the dispersed phase is small in a liquid-liquid hydrocyclone; in addition to the 

drag force acting on the hydrocyclone, the pressure gradient, virtual mass force 

should be also considered in analysing the forces in a liquid-liquid hydrocyclone. 

The drag force coefficient in liquid droplets was also stated to be different from 

that of solid particles. The drag force causes the oil at the core region of the 

hydrocyclone to be trapped in the reverse flow taking fluid to the vortex finder of 

the hydrocyclone (Al-Kayiem, 2014). 

Studies have shown that the two main forces (centrifugal force and drag force) 

acting in a hydrocyclone are influenced by the particle size distribution (Song, 

2016; Zhang, 2017); however, others like Zhang (2017) considered the pressure 

gradient force significant enough to be mentioned. Both small and large particles 

are influenced by the drag force but in different directions.  

The large particles are mostly influenced by the outward drag which pushes the 

particles away from the rotating reference frame.  The centrifugal force on the 

otherhand is a fictitious force peculiar to a particle moving on a circular path, it 

has the same magnitude and dimensions as the force that keeps the particles on 

its circular path but points in the opposite direction. Therefore, can be defined as 

the outward inertial force apparent as the axis of rotation passes through the 

coordinate system’s origin, the centrifugal force is directed radially outwards from 

the axis.  

For the small particles, the inward drag force is predominant and therefore these 

particles tend to move to the central zone of the cyclone. The outwards drag 

gradually decrease with increase in particle size thus the influence of centrifugal 

force minimal as particles are not been through out of the rotation axis.  

https://www.britannica.com/science/inertial-force


38 

 

The performance of hydrocyclones are often determined by evaluating the 

separation efficiency, split ratio and can also be implied by evaluating the pressure 

drop. The separation efficiency is defined as the ratio of concentration of the 

impurity removed in the hydrocyclone to the impurity feed into the hydrocyclone 

at the inlet.  The separation efficiency of hydrocyclone is mostly affected by the 

centrifugal effect generated by the rotational liquid flow (Hwang, 2008). Hence, 

efficiency is greatly affected by the particle or droplet diameter, the composition 

of the liquid and the inlet velocity of the fluid.  

Using computational analysis, the efficiency is calculated using equation stated by 

Azimian (2015)  

𝜂 =
𝑤𝑝,𝑖𝑛𝑙𝑒𝑡 −𝑤𝑝,𝑜𝑣𝑒𝑟𝑓𝑙𝑜𝑤

𝑤𝑝,𝑖𝑛𝑙𝑒𝑡
 𝑥 100%        2-1 

Where the 𝑤𝑝,𝑖𝑛𝑙𝑒𝑡  and 𝑤𝑝,𝑜𝑣𝑒𝑟𝑓𝑙𝑜𝑤  is the percentage by weight of particle at the inlet 

and overflow section respectively.  

According to Wang (2006), increasing the inlet velocity or decreasing the 

particle/water ratio can improve the separation efficiency in a hydrocyclone with 

smaller particles mostly affected by these changes. In a conventional 

hydrocyclone, the separation efficiency of the hydrocyclone increases with increase 

in particle size and a typical hydrocyclone efficiency curve is illustrated in Mokni, 

(2019) Wei, (2017); Yang, (2010). The hydrocyclone efficiency curve shows the 

probability of particle or droplet reporting to the underflow or overflow 

respectively.  

Yang (2010) evaluated the separation efficiency in a solid-liquid hydrocyclone 

using a two cone hydrocyclone and the result showed that as the particle size 

increases from 5µm to 35µm, the separation efficiency increases from less than 

10% to 100%.  

Larger particles produced better separation in the hydrocyclone thus the larger 

the particle in the hydrocyclone the more efficient the separation (Liu, 2016; 

Tang, 2018). As the particle size increases, the number of particles reporting to 

the overflow section of the cyclone decreases indicating better classification/ 

separation of the bigger particles (Tang, 2018; Shojaeefard, 2006; Cui, 2017). 

http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
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The split ratio can be defined as the ratio of the volume of overflow to the volume 

of flow of inlet; the split ratio reflects the situation of flow distribution in the 

hydrocyclone. Increase in split ratio in oil-water hydrocyclone means more water 

will be separated out from the underflow outlet of the hydrocyclone. However, 

when the split ratio is relatively small, more water will be separated out from the 

oil outlet (overflow section) thus the split ratio can indicate the overall performance 

of the hydrocyclone. It can therefore be concluded that improving the split ratio or 

optimisation of split ratio can contribute to improving the separation performance 

of the hydrocyclone. 

2.2 Turbulence Models Used in Hydrocyclone Simulation 

In the early days of hydrocyclone invention, experimental studies were the only 

way of evaluating fluid flow in hydrocyclone (Kelsall, 1952; Ohasi and Maeda, 

1958; Bradley,1965; Svarovsky, 1965; Mendronho, 1984; Rietema, 1961). Fluid 

flow in hydrocyclone was first successfully predicted numerically by Pericleous in 

1986 using a Prandtl mixing length model and asymmetry assumptions. In recent 

years numerical simulations used in determining the flow in a hydrocyclone have 

improved with the use of incompressible Navier-stokes equations with suitable 

turbulence models. 

 

The same model used for numerical evaluation of a solid- liquid hydrocyclone was 

seen to be good for liquid-liquid and other forms of cyclones (Jiang 2019; Zhang  

2019; Jiang  2019; Zhao , 2019; Huixin , 2017; Yumeng 2017; Shalaby , 2015; 

Al‑Kayiem, 2019). This is because the principle of separation in a hydrocyclone is 

the same irrespective of the particle type been separated. A review of different 

turbulence models used for analysing flow in a hydrocyclone were seen in the 

literature with the models producing different results, thus making the choice of a 

turbulence model used in hydrocyclone simulation an important parameter that 

needs to be reviewed in order to achieve the best result through computational 

analysis. With increasing use of computation analysis in evaluating flow in 

hydrocyclone, different developed turbulence models have been used to evaluate 

the flow in a hydrocyclone. Some of the turbulence models evaluated in the past 

are the algebraic stress model, k-ε models, Reynold stress model (RSM) and Large 

Eddy Simulation (LES).  

https://www.sciencedirect.com/science/article/pii/S0892687508002288#bib12
https://www.sciencedirect.com/science/article/pii/S0892687508002288#bib12
https://www-engineeringvillage-com.ezproxy.rgu.ac.uk/search/submit.url?CID=quickSearchCitationFormat&implicit=true&usageOrigin=recordpage&category=authorsearch&searchtype=Quick&searchWord1=%7bYuan%2C+Huixin%7d&section1=AU&database=1&yearselect=yearrange&sort=yr
https://www-engineeringvillage-com.ezproxy.rgu.ac.uk/search/submit.url?CID=quickSearchCitationFormat&implicit=true&usageOrigin=recordpage&category=authorsearch&searchtype=Quick&searchWord1=%7bZhang%2C+Yumeng%7d&section1=AU&database=1&yearselect=yearrange&sort=yr
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Hargreaves (1990) used the Algebraic stress model with 2D cylindrical coordinate 

systems to model flow in a deoiling Hydrocyclone, ignoring particle/particle 

interaction, coalescence and slippage while in 1994 the Dyakowski simulation 

assumed the flow in the hydrocyclone as axi-symmetrical and solved a two-

dimensional equation using the k-ε model. All these authors’ claims were 

acceptable results when compared to experimental data. To evaluate how these 

turbulence models perform against each other, comparison of the turbulence 

models was evaluated. 

Delgadillo (2004) compared the use of the renormalisation group (RNG) k-ε model 

with RSM and LES in the modelling of the air core in a hydrocyclone and found that 

LES simulation produces more accurate results when compared to experimental 

results than the k-ε RNG or RSM models. This is because LES captures the 

dynamics of large vortex structures without any modelling assumptions, therefore 

allowing accurate prediction of the velocity profile. It was however noted that the 

predictions of LES when compared to experimental results were weaker at the 

walls where molecular viscosity has a significant effect. LES was also seen to work 

well when the concentration of the particles is low.  

Narasimha (2007) also modelled aircore in hydrocyclone using RSM and LES. The 

result showed that RSM is in good agreement with velocity measurements (axial, 

tangential and radial) while LES provides additional accuracy in predicting the 

velocity profiles or the grade efficiency of the hydrocyclone. Other studies have 

also produced similar results (Slack,2000; Delgadillo, 2005 and 2009; Brennan, 

2006; Brennan, 2007; Narasimha, 2007). 

Shalaby (2015) used the k-ε, RSM and LES models to evaluate the turbulent flow 

in a hydrocyclone. The results were evaluated by comparing the velocities profile 

of the models with the experimental result. According to Shalaby (2015), LES 

predicts the tangential and axial velocities better than the RSM and k-ε models. 

For the k-ε model, the maximum tangential velocity was seen to be maximum at 

the wall of the cyclone in contrary to a zero tangential velocity when experimentally 

measured. The result considered the k-ε model weak as this does not properly 

model velocity profile and flow phenomena in the hydrocyclone.   

Jafari (2017) compared the use of SST with curvature correction, k-ε, SSG RSM 

and LES models. According to the study, the velocity distribution in the near wall 
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region and in the shear region between downward flow near the wall and upward 

flow near the centreline are the most challenging features of modellers. Jafari 

(2017) concluded that all models considered agree with the experimental 

tangential velocity and the width of the vortex core well except for the k-ε model. 

The k-ε model predicted the vortex core to be too wide and thus had the problem 

of predicting the location of the peak tangential velocity, also it failed to reproduce 

the mean axial velocity. He concluded by pointing out that RSM shows it could 

work with coarse grids and required less computation time compared to SST and 

LES models.  

Saidi (2011) compared the use of the k-ε model with LES in a deoiling hydrocyclone 

and concluded that the results of k-ε models have high numerical diffusivity while 

LES gives better prediction of the flow when compared to the experimental results. 

Saidi (2011) et al also attributed the better separation efficiency seen in the 

simulation to better axial velocity and horizontal pressure gradient in LES 

simulation. From the above review, RSM and LES are well validated for predicting 

the flow in a hydrocyclone compared to other forms of RANS equations.  

The turbulence model is seen to affect all the fluid flow parameters (Jafari, 2017; 

Shalaby, 2015; Saidi, 2011) and therefore affects the separation efficiency of the 

Hydrocyclone. The geometrical parameters of the cyclone itself and the operational 

parameters can influence the separation of particles and the overall fluid flow in 

the Hydrocyclone 

 
Figure 2-1: Hydrocyclone Geometrical Parts 
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2.3 Effect of Geometrical Parameters in Hydrocyclone  

2.3.1   Overflow Section 

The influence of the vortex finder on the Hydrocyclone has been reviewed by many 

researchers. According to Belaidi and Thew (2003), the geometry of the 

overflow/vortex finder of a hydrocyclone is an important parameter in the 

separation and control process. Over the last couple of years researchers have 

used two different variables to express the vortex finder; use of the ratio of vortex 

finder diameter to underflow diameter and the use of the ratio of vortex finder 

length to Hydrocyclone length.  

 

In the earlier years of Hydrocyclone design the ratio of vortex finder to underflow 

diameter were considered as a geometrical variable to be used in evaluating the 

separation Hydrocyclone. Concha F. 1996 evaluated the air core diameter (in rope 

and spray discharge conditions) using the ratio of vortex finder to underflow 

diameter and according to the research the ratio of underflow to vortex finder 

diameters separate from the region of rope and spray discharge. Moder (1952), 

Kelsall (1953), Rietema (1961), Svarovsky (1984) all used the ratio of vortex 

finder to underflow diameter to evaluate separation in the Hydrocyclone.  

 

Shah’s (2006) experimental studies on the development of water split however 

show that use of the ratio of underflow to vortex finder in evaluating Hydrocyclone 

separation is misleading because the ratio of underflow to vortex finder diameter 

can be kept constant by changing the dimensions of the spigot and vortex finder 

and their effect is bound to be different.  The result of the experimental studies 

also reflects that the effect of vortex finder diameter and underflow diameter on 

Hydrocyclone separation are dissimilar thus suggesting that the underflow orifice 

and vortex finder should be considered as independent variables when evaluating 

the separation in the Hydrocyclone. Other researchers who have carried out similar 

studies on are Ghodrat (2014) and Long Ni (2018) among others. 

 

Generally, the use of the ratio of the vortex finder to cylindrical length is an 

acceptable way of evaluating the effect of the vortex finder in a Hydrocyclone. 

Farias (2011) reviewed the influence of the vortex finder on the separation 

efficiency of a conventional deoiling hydrocyclone and found that increasing the 
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overflow diameter (vortex finder) increases the separation of all the phases but 

equally observed the presence of sand and water at the overflow of the cyclone 

which otherwise decreases the separation efficiency of the deoiling Hydrocyclone. 

In the work of Ghodrat (2013), the separation efficiency of particles increases with 

the decrease in vortex finder diameter (using a vortex finder diameter ranging 

from 25mm to 75mm)  

 

Vieira L.G, 2013 looked at the effect of overflow diameter in an unconventional 

Hydrocyclone and his result corresponds to Farias. It was found that the overflow 

diameter is inversely rated to the underflow to through put ratio and therefore is 

an influence on the separation efficiency. The result showed that decreasing the 

overflow diameter by 45% increases the underflow through put by about 175% 

and the overall efficiency by 10.5% and recommends the use of a smaller overflow 

diameter for the separation of fine particles. However, for concentrated 

suspensions; larger values of overflow diameter will be beneficial. Zhao (2014) 

correlated this with findings of a smaller overflow diameter giving a better 

efficiency.  

 

Martınez (2008) is one of the researchers who investigated the effect of the vortex 

finder’s length in a solid-liquid hydrocyclone. Martinez found that use of the vortex 

finder prevents the re-entrainment of particles in the overflow stream; the 

particles were rather made to flow downward by the outside wall. He further 

suggested that increasing the length of the vortex finder will give the particles 

more time to enter the underflow stream. However, if the vortex finder gets to the 

conical section, some sand particles might get into the overflow stream thus 

decreasing the separation efficiency of the cyclone.  

 

The Martinez analysis found that the separation efficiency of the hydrocyclone is 

maximized when the vortex finder length is 10% of the total length. Patra (2017) 

performed a similar analysis on a conventional hydrocyclone and found that the 

efficiency of the hydrocyclone is maximised when the vortex finder length is 12% 

of the total length of the cyclone.  
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Tian (2019) computationally simulated the effect of vortex finder length ranging 

from 0 to twice the cylindrical section and found that with a vortex finder length 

less than the cylindrical length, the separation efficiency and the  

 of the cyclone increases with the length of the vortex finder which is consistent 

with the result of many others (Hsu (2010); He (2013); Long Ni (2017)). But as 

the vortex finder length becomes longer than the cylindrical section the separation 

efficiency first decreases because of the cylindrical-conical section interface and 

further increases causing the separation efficiency to increase by up to 100% with 

a very poor split ratio (split ratio becomes inversely proportional to the length of 

the vortex finder) resulting in reduced efficiency.  

2.3.2   Inlet Section 

Vieira (2011) performed experimental and numerical analysis on a hydrocyclone 

with different geometries and the result shows the effect of different parts of the 

hydrocyclone on the efficiency. Numerical studies performed showed that increase 

in inlet diameter (Di) resulted in a lower Euler number (Eu) and therefore the 

pressure drops in the cyclone, increase in the centrifugal force in the cyclone and 

the overall efficiency of the cyclone is also increased.  

 

TANG (2016) reviewed the effect of inlet configuration on solid-liquid hydrocyclone 

efficiency. It was observed from the simulation analysis that an increase in inlet 

diameter at constant flow rate decreases the split ratio of the cyclone and the 

magnitude of the axial velocity increases with an increase in the inlet diameter. 

However, it was concluded that the inlet diameter affects the separation efficiency 

in two ways. For a particle size less than 20µm, no significant effect was seen on 

the grade efficiency but for a particle size greater than 20µm a significant change 

in grade efficiency was observed with a decrease of inlet diameter; this is also one 

of the conclusions of Jiangang (2014) .  

 

Elsayed (2010) studied the effect of cyclone dimensions (width and height) on the 

separation efficiency of a liquid-liquid hydrocyclone. It was observed that 

increasing the cyclone inlet dimensions decreases pressure drop, increases the 

cyclone cut off diameter, the vortex strength decreases and the overall efficiency 

decreases.  It was seen that the highest value of decrease in static pressure was 

https://www-engineeringvillage-com.ezproxy.rgu.ac.uk/search/submit.url?CID=quickSearchCitationFormat&implicit=true&usageOrigin=recordpage&category=authorsearch&searchtype=Quick&searchWord1=%7bWang%2C+Jiangang%7d&section1=AU&database=1&yearselect=yearrange&sort=yr
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observed with increasing inlet height while the tangential velocity maintained the 

Rankine profile of typical hydrocyclone. The highest value decrease in tangential 

velocity was observed with an increase of the inlet width, thus better separation 

was expected with a decreasing width of the cyclone inlet. In all, Elsayed (2010) 

concluded that changing the inlet width is more significant than changing the inlet 

height and the optimum ratio of inlet width to inlet height is between 0.5 and 0.7. 

Erikli (2015) numerically simulated the effect of inlet diameter on liquid-liquid 

hydrocyclone and found that a decrease in inlet diameter increases the flow speed 

and pressure loss increases in the cyclone and consequently separation efficiency 

increases. The effect of inlet diameter in a conventional deoiling and desanding 

hydrocyclone are different, thus a generally comparison of the effect of geometrical 

parameters on liquid-liquid and solid-liquid hydrocyclone is required.   

 

Osei (2016) reviewed the use of inlet diameter as well as the use of single and 

dual inlet in a deoiling hydrocyclone. The result shows that a smaller dimensioned 

hydrocyclone of 30mm inlet width outperforms the 60mm inlet hydrocyclone, the 

comparison was done by evaluating the total pressure at the core of the cyclone 

with a 30mm width inlet being found to have a higher core pressure than a 60mm 

width inlet and the same trend of 30mm outperforming a 60mm width inlet was 

observed in a dual inlet hydrocyclone. Increased pressure at the core means more 

of the oil rich fraction concentrated at the core will be pushed to the vortex finder 

although this is just one of the contributors to the performance of the 

Hydrocyclone.  

 

The dual inlet hydrocyclone is not very commonly used and is mostly seen in liquid-

liquid, gas-liquid hydrocyclones but is not seen in any solid-liquid hydrocyclone 

reviewed. Osei (2016), compared the 30mm inlet diameter in a single inlet cyclone 

to the 30mm inlet diameter double inlet and observed that the 30mm single inlet 

hydrocyclone outperforms the 30mm dual inlet counterpart which is quite contrary 

to the work of other researchers.   

 

Al‑Kayiem (2019) compared the use of a dual inlet in a deoiling hydrocyclone to a 

single inlet hydrocyclone and found that the separation efficiency in a dual inlet 

outperforms the single inlet. This is attributed to the occurrence of many 

recirculation regions in the single inlet hydrocyclone with some spreading over 
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large areas while the dual inlet cyclone has virtually no recirculation zone. The 

occurrence of the recirculation was said to affect the segregation of the oil and 

water droplets as some oil droplets in the recirculation zone have an increased 

residence time but hardly go through classification in the hydrocyclone thus 

escaping unclassified so reducing the separation efficiency of the cyclone. 

Sathish (2007), Lim (2003), Yan Yang (2017) among others all agreed with the 

fact that the separation efficiency of the hydrocyclone inlet increases with the use 

of a double inlet hydrocyclone compared with the single inlet hydrocyclone. The 

use of a dual hydrocyclone is an area that has not been properly explored and can 

be looked at in the future 

2.3.3   Underflow Diameter 

The underflow diameter is usually adjusted to overcome the variable operational 

conditions of the feed flow to achieve the desired result thus using an orifice at the 

underflow section of the cyclone. Long Ni (2019) revealed that most commercial 

hydrocyclones apart from specialised hydrocyclone have variable underflow 

diameters, this is because correct adjustment of the underflow diameter is 

important for separation. From the experimental and numerical simulation 

conducted by Long Ni (2019), it was concluded that for optimum separation to be 

achieved, correct adjustment of the underflow diameter is critical and therefore it 

is very difficult to predict underflow pipe diameter. 

 

Different operational parameters used with the underflow diameter in evaluating 

the effect of hydrocyclone underflow diameter have produced different results. The 

hydrocyclone must be designed with suitable appropriate underflow orifice 

diameter to achieve the desired separation efficiency. There have been several 

recommendations on what the orifice diameter should be over the years. Bradley 

(1965) recommended that the ratio of underflow diameter to the cylindrical 

diameter should be between 1:10 while Silva (2015) recommended a ratio of 1:6 

for optimal efficiency and 1:12 to produce thick underflow (dewater solids). 

Arterburn reported that the underflow orifice must be large enough to prevent 

plugging of the exit of the cyclone and recommended an underflow orifice size of 

10-35% of the hydrocyclone cylindrical diameter. 

 

https://www.sciencedirect.com/science/article/pii/S002185020300079X#!
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Ghodrat  (2013) looked at the effect of feed concentration and underflow diameter 

in a hydrocyclone and reveals that the effect of underflow diameter is more 

pronounced when the feed concentration is high with particle separation cut size 

decreasing with increasing spigot diameter and it was shown that zero cut size (no 

separation) is achievable when the underflow diameter is large enough.  Therefore, 

it can be deduced that a smaller micron particle less than 20µm will be difficult to 

separate using a larger underflow diameter. The result of Long Ni (2016) is similar 

to this where it was reported that as the underflow diameter increases, the 

separation efficiency reduces. 

 

Freitas (2009) results show bigger underflow diameter lower efficiency, this agrees 

with what can be obtained in the industry as the Weir cyclone operating manual 

(2008) stated that a decrease in spigot(underflow) diameter will increase the 

underflow density and improve efficiency. While Mousavian (2008) explained this 

further by saying increasing the underflow diameter increases the downward axial 

velocity which in turn causes coarse particles to be trapped in the upward stream 

which then go to the overflow.  Other researchers with similar results are Silva  

(2015), and Saengchan  (2009). 

 

According to Zhang (2019), the underflow diameter affects the air core diameter 

in the hydrocyclone, as the diameter of the underflow diameter increases the air 

core diameter was seen to increase. This was associated with the increased 

quantity of air that enters the cyclone as the underflow orifice diameter increases. 

The motion of air in the cyclone also changes as the underflow diameter increases. 

Rakesh (2014) studies show that as the underflow diameter increases, the low-

pressure area occupied by air becomes bigger resulting in more pressure drop in 

the central zone of the hydrocyclone. The variation of air with inlet pressure is not 

pronounced with a larger underflow diameter. 

2.3.4    Hydrocyclone Size 

Both the hydrocyclone diameter and length affect the separation performance of 

the hydrocyclone. The cylindrical diameter is generally referred to as the 

hydrocyclone size/diameter, that is a 10mm hydrocyclone is a hydrocyclone in 

which the width of the cylindrical section is 10mm. A larger hydrocyclone is less 
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effective in separating smaller particle size while the longer the cylindrical section 

is the less effective it is to separate particles from produced water.   

 

Hoffman (2001) performed experimental and numerical simulation on the effect of 

cyclone length and found that cyclone efficiency improves with increased length 

but at an optimal length the efficiency will start to decrease. The optimal length to 

diameter ratio of 5.65 was said to be the peak, after which further increase in 

length decreases the separation efficiency of the hydrocyclone. The result of the 

simulation work also shows that the pressure-drop decreases with increasing 

length after the optimum length was achieved; which is consistent with the finding 

of Saengchan (2019), Vieira (2001), and Lakhbir (2015) 

 

Lakhbir (2015) breaks the effect cyclone length further by looking at the effect of 

increasing the hydrocyclone cylindrical length and  the result showed that 

increasing the cylindrical length by up to 5.5 times the cyclone diameter increased 

the pressure drop by about about 34%, while the efficiency was increased by about 

9.5%. But increasing the cone length by about 6.5 times the cyclone diameter 

resulted in an increase of about 29% in pressure drop and the efficiency increased 

by 11% thus showing that increasing the length of the conical section can yield 

better results than than increasing the length of the cylindrical section of the 

hydrocyclone. 

 

Saengchan (2019) reviewed the relation between the ratio of the cylindrical- 

conical length section on the separation performance of the hydrocyclone. The 

result of the experimental work performed at different ratios varying from 0.00-

0.14 shows that a cylindrical-conical ratio of 0.11 yielded better separation than 

other ratios considering the changes in the cylindrical-conical ratio affecting the 

pressure drop in the hydrocyclone. Saengchan (2019) investigated the effect of 

different cyclone diameters in Hydrocyclone separation from the perspective of the 

connection between the cyclone length and the cyclone diameter. 

 

The diameter of the cylindrical section is the main variable affecting the size of 

particle that can be separated; the size of commercial hydrocyclone ranges from 

10mm to 2.5m (Cilliers, 2000). Separation takes place when a bigger cyclone is 

used for a smaller size particle. The problem is that a low amount of these particles 
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will be separated using a large cyclone. Endres (2012) used a 20mm hydrocyclone 

to separate solid particles from produced water; particles less than 20µm were 

separated through the process of recirculation of the overflow for about 120 

minutes while 10mm hydrocyclone was used by Neesse (2014). Neesse (2014). 

results also show the separation of sub-micron solids from liquid using the 

recirculation through the process of optimising pressure and temperature of the 

inlet feed. Grady (2003) looked at the use of a 10mm cyclone in a deoiling 

hydrocyclone system. However, the result of the simulation only revealed the flow 

field difference when compared to a 76mm hydrocyclone. Wen-ching (2003) 

however, noted that the use of a small hydrocyclone can lead to the problem of 

particle bouncing and rebounding from the wall of the cyclone and recommended 

that cyclone size should be increased over a typical diameter dimension to counter 

this effect.  

2.3.5    Cone Angle 

According to Cilliers (2000), the cone angle for classification of a hydrocyclone 

should be between 15-30 degrees, with smaller angles for fine cut sizes and larger 

angles for coarser cut sizes. This agrees with Svavosky (2000) who stated that at 

narrow angles, flow is suppressed, and this makes a cyclone more efficient in 

separating fine particles/droplets.  

 

Vieira (2001) established that a larger cone angle led to reduction in efficiency as 

this aids the dragging of more particles to the overflow stream. This was linked to 

increasing radial velocity which resulted in higher radial force dragging particles 

towards the cyclone centre. Saidi (2013) collaborated in the work of other 

researchers with the result of the simulations run for a liquid-liquid hydrocyclone, 

showing that the enlarged cone angle increases tangential velocity and pressure 

gradient but reduces the separation efficiency of the cyclone. It was also noted 

that efficiency reduction was due to reduction of oil droplet residence time.   

 

Minghu (2011) evaluated the effect of cone angle on pressure drop in a 

hydrocyclone and found that increasing the cone angle decreases the pressure in 

the cyclone. While this is not pronounced when the cone angle is already large, 

the effect is seen more when the cone angle is increased from a relatively small 
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angle to a larger one. Since the pressure drop is relatively proportional to the 

separation taking place in the cyclone, an increase in pressure drop (larger cone) 

thus leads to increased separation. However, when the optimal pressure drop is 

achieved, a further increase will result in decrease in separation efficiency.  

Other work on the geometry of hydrocyclone includes the incorporation of other 

parts into the cyclone or changing the shape of the hydrocyclone parts to improve 

efficiency. Junxiang (2019) proposed the used arc inlet and convex cone and the 

result of the experiment and simulation shows the separation efficiency of the 

particle increasing from 0.849 to 0.956 (84.9% to 95.6%) but the efficiency of the 

separated fine particles was seen to reduce. 

Yang (2019) changed the cylindrical part of the cyclone to tapered and conical 

shapes respectively and evaluated this against a conventional hydrocyclone. The 

result of the numerical analysis showed cut sizes of 13.05µm, 11.25µm, and 

17.95µm were obtained when conventional, tapered and conical hydrocyclone 

were used respectively with a recovery rate of fine particles at 23.56%, 22.17% 

and 29.29%. 

Junxiang (2019) also changed the shape of the hydrocyclone cylindrical section to 

a conical one. This was called a conical design, particles size ranging from 0.2µm 

to 70µm were fed into the cyclone. The results show micron particle classification 

with a demarcation of 5µm was accomplished with classification sharpness 

improving from 0.833 to 0.938. However, the efficiency of particles less than 10µm 

was not up to 20%.  

Motin (2017) studied the effect of parabolic and hyperbolic wall profiles of the 

hydrocyclone swirl chamber and separation. The result shows that for an oil 

concentration of about 1%, the separation improved by 16.5% and 25% when 

hyperbolic and parabolic designs without tail were used compared with the 

conventional hydrocyclone. The comparison of the hyperbolic and parabolic design 

with tail to the conventional hydrocyclone shows an improvement of about 17% 

and 33% respectively. Vakamalla (2017) reviewed the use of some conical designs 

for high throughput and finer cut size separation and his result revealed that the 

cut size of the cyclone reviewed was improved to 8-13µm when compared to the 

conventional hydrocyclone with a cut size of 16µm 
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Geometry is one factor that affects the separation efficiency/cut size of a 

hydrocyclone but most of the journals reviewed for geometry have one thing in 

common, the droplet sizes considered when geometry has been optimised were 

between 10-30μm and use of 10mm can improve the cut size to less than 10µm 

with poor separation efficiency. Therefore, changes in geometrical dimension alone 

can be said to have a great effect on large particle separation and little effect on 

finer particles. 

 

2.4    Magnetic Hydrocyclone 

Siadaty (2017) used a new approach of separating fine particles (gas) of 2-4μm 

from solids using a hydrocyclone. The separation efficiency was improved by 

applying an external magnetic field, where the centrifugal force separates the large 

particles and magnetic force is used to separate the finer particles. The research 

shows that a magnetic field can be used to improve separation of the cyclone for 

ferromagnetic particles and non-ferromagnetic materials coated with 

ferromagnetic materials. Siadaty stated that in the absence of a magnetic field the 

drag force is the main force acting on the smaller particles and the effect of other 

forces like pressure gradient, Brownian, gravity etc are negligible. The Siadaty 

analysis of drag force in the cyclone complements the work of Zhang discussed 

earlier. The Saidaty result shows that for gas-solid separation; the separation 

efficiency of 2µm and 4µm was 82.96% and 97.78% respectively without the use 

of a magnetic field, while applying the magnetic field increases the separation 

efficiency to 91.11% and 100% respectively. 

This is not the first time magnetic hydrocyclones have been used; the magnetic 

cyclone was first developed in the late sixties with the aim of providing an 

additional external force to supplement gravitational and centrifugal forces that 

cause classification and separation of solid-liquid (Rowson, 2003). In 1983 and 

1985, Watson and Fricker proposed ways of separating particles from a cyclone 

using a magnetic field. In the Watson design the magnetic force is induced at the 

wall of the cyclone while in Fricker’s design the magnetic force is applied at the 

centre of the cyclone. 

 



52 

 

Other researchers have also performed different experimental work on the use of 

a magnetic field to enhance the separation of metallic particles, this can be seen 

in the work of Premaratne et al (2003) and Fan (2016). Fan (2016) in his research 

fed a coal sample mixed with dense medium suspension into a cyclone and found 

that the magnetic field decreased separation density and this was caused by the 

downward flow of magnetite due to axial magnetic force.   

Lin Liu (2019) was able to improve the separation efficiency of a deoiling 

hydrocyclone using a modified hydrocyclone shape and the application of magnetic 

force force at the centre of the cyclone. An improvement of 13.2% was achieved 

when compared to a conventional hydrocyclone. The question that arises from this 

type of design is, how easy will it be to have a magnet at the centre of a 4’’,2’’ or 

1’’ hydrocyclone and in an industrial setting where this cyclone is located in a 

vessel and how applicable is this principle? It is almost impractical to use where 

there are over 50 cyclones in a vessel (as is seen in the oil and gas industry) 

though this method can be used for a single large cyclone. Also, Lin Liu (2019) did 

not specify the cut size that was improved by this work. 

Therefore, this study will employ the innovative use of the Watson magnetic 

hydrocyclone design to solve the problem of separating fine particles from 

produced water with the use of ferromagnetic microparticles. 

2.5    Magnetic Material 

The magnetic materials are classified into three main different types depending on 

their interaction with an external magnetic field: the diamagnetic, paramagnetic, 

ferromagnetic; others are antiferromagnetic and ferrimagnetic materials. 

 

Diamagnetism is a form of non-permanent magnet whose magnetism only persists 

in the presence of an external magnetic field; the magnitude of the magnetism is 

very small and is in the opposite direction to the external field thus weakly repelled 

by an external magnetic field. Under a uniform magnetic field the magnetism tends 

to move from the stronger to the weaker part of the field. The relative permeability 

of diamagnetic material is less than one and their magnetic susceptibility is 

negative (range of -10-5). This type of magnetism is mostly observed when other 

forms of magnetism are absent (Marghussian, 2015). Examples of diamagnetic 

materials are water, bismuth, mercury, silver, diamond, copper etc 

https://www.sciencedirect.com/science/article/pii/B9780323353861000049#!
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Paramagnetism are magnetic materials that are weakly magnetised in the same 

direction as the magnetic field but possess no net macroscopic magnetization in 

the absence of an external magnetic field. The magnetism moves from the weaker 

to the stronger part of the magnetic field and the orientation of the magnetic 

moment is aligned in the presence of the magnetic field.  The relative permeability 

is more than one and the magnetic susceptibility is between 10-3 and 10-6. 

Examples of paramagnetic materials are aluminium, platinum, manganese, 

chromium, sodium, calcium, lithium etc. 

 

Ferromagnetic material retains its magnetism after a magnet has been removed 

and is strongly magnetised under the influence of a magnetic field. When the 

applied magnetic field is removed, a part of the induced domain may be aligned 

making ferromagnetic material act like a permanent magnet. However, when these 

materials are heated above the Curie number it becomes a paramagnetic material. 

Ferromagnetic materials have a magnetic permeability as high as 106. The most 

common ferromagnetic materials are those that contain iron, cobalt and nickel but 

other elements such as dysprosium and gadolinium and compounds such as 

chromium oxide and manganese bismide also demonstrate ferromagnetic 

properties 

 

Table 2-1: Currie Temperature of magnetic material 

Material Curie Temperature (K) Material Curie Temperature (K) 

Fe 1043 Fe2O3 948 

Co 1388 CrO2 386 

Ni 627 MnOFe2O3 573 

Gd 292 FeOFe2O3 858 

Dy 88 NiOFe2O3 858 

MnAs 318 CuOFe2O3 728 

MnBi 630 MgOFe2O3 713 

 

Ferrimagnetism and anti-ferromagnetism; ferrimagnetism occurs when the 

magnetic moment of the magnet sublattices are unequal thus resulting in net 

moment. When the moments are equal and ordering occurs at the Neel 
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temperature in an antiparallel alignment to give zero net magnetization then it is 

referred to as Anti-ferromagnetism. 

 

Magnetic materials relevant to this study are ferrimagnetic and ferromagnetic 

material. Both ferrimagnetic and ferromagnetic materials are similar; with the 

exception of equal magnetic moment in ferromagnetic material; other properties 

like the Curie temperature, spontaneous behaviour under the influence of a 

magnet, hysteresis and remanence are all the same. Most ferrimagnetic materials 

are oxides of iron and a typical sample of ferrimagnetic material is magnetite 

(Fe3O4 and Fe2O3).  

 

Blaney (2007) revealed through electron probe analysis that as the size of the 

magnetite decreases, the concentration of oxygen in the magnetite decreases, 

thus decreasing the ion valence bond which supports greater ferrous ion presence. 

This consequently leads to a decrease in the spontaneous resistance of the 

magnetization thus an increase in magnetization is observed. The Blaney review 

also shows that magnetization in a magnetite (nano, micro or bulk) varies along 

the particle diameter with a high magnitude within the particle and a lower 

magnitude near the surface, therefore as the particle diameter is decreased the 

surface effect will ultimately affect the saturation magnetization. However, Thapa 

(2004) showed that the positive effect of decreasing magnetite size is limited to 

10nm after which a further decrease will cause a decrease in saturation 

magnetization. In summary, the induced magnetic field is higher in a nano-scaled 

magnitude than that of a bulk magnetite when an external magnetic field is 

applied.  

 

Not only is the property of nano-scale magnetite different from bulk magnetite, it 

also differs from the micron size particles. Generally, nano-scale magnetite is 

approximately one billion times smaller (by volume) than micron scale magnetite. 

Rivas-Sanchez (2008) experimental studies show that the magnetic susceptibility 

of a nano particle (2-14nm) is about 13% while that of micron-sized particle is less 

than 4.5% or higher (0.2-56µm). The result of the experiment also reveals that 

the coercivity of micro particles of a size between 5.6µm-10µm is 2.8mT-3.927mT 

while coercivity of finer particles between 10-0.2µm increases from 5.15mT-

11.09mT.  
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There are several methods that can be used to synthesise nanoparticles including 

magnetite and these include precipitation, polyol process, sonochemical synthesis, 

microemulsion and coprecipitation method, however this study will not be looking 

at the synthesis of nanoparticles.  

 

2.6    Magnetic particles 

Magnetic nanoparticles are mostly oxides of ferromagnetic material. Magnetic 

nanoparticles are  a class of nanoparticle material that can be manipulated using 

magnetic fields. The benefit of using magnetic nanoparticles includes quick 

movement of the particle in the direction of the external magnetic force, the fact 

that the surface can be modified to suit the contaminant to be removed, low cost 

and high efficiency can be obtained. Magnetic nanoparticles like Fe3O4, Fe2O3, etc 

are form of nano-absorbent material while nanomaterials such as ZnO, TiO2, ZnO-

CeO2 etc are nanophotocatalyst material (Kumar, 2016). In oil water treatment, 

the nano-absorbent materials are mostly used, the magnetic nano-particles used 

(Fe3O4, Fe2O3,) act as a magnetic seeding agent that forms flocs with other 

suspended particles to be removed.  

 

Of all the magnetic nanoparticles, the iron oxide nanoparticle (IONPs) is the most 

widely used and the most interesting as it possesses the additional property of 

magnetism. Once a ferrite particle is smaller than 128nm, it becomes 

superparamagnetic (An-Hui Lu,2007) which prevents self-agglomeration and thus 

can be used directly as nanoadsorbents or as the core component of core-shell 

structures, where the IONPs function as a magnetic separation material while the 

shell provides the desired functionality for pollutant adsorption. Nano-particles 

bigger than 128nm give rise to the difficulty of agglomeration of the nanoparticles 

due to Van der Waals forces. To overcome this difficulty of particles agglomerating, 

the nanoparticles are coated with polymeric material or surfactants (Opoku ,2017). 

A polymer-based nanostructure is not used in a hydrocyclone because of the 

possible breakage of the polymer coated nanoparticle in turbulence.  

 

Boisson (2017) mentioned that the polymer used in water treatment is dependent 

on the water composition (thus the type of polymer used in oil-water emulsion is 

https://en.wikipedia.org/wiki/Nanoparticle
https://en.wikipedia.org/wiki/Magnetic_field
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different from the polymer required to separate sand), dewatering equipment 

(mechanical effect can break the polymer structure, therefore the type of polymer 

chosen to be used must be able to to withstand the mechanical effect taking place 

in the equipment, for example in a centrifuge a structured polymer will be better 

than a linear one). Another factor that determines the type of polymer to be used 

is the availability of water for polymer preparation. In cases where a power 

polymer is used then it will have to be dissolved in water before use and if there 

is insufficient water in the field then this will not be possible. This assertion was 

validated by Muhamad (2017) who was able to create a polymer nanostructure 

using high speed centrifugal force. Rather than breaking the polymer structure, 

the centrifugal force strengthened the polymer, showing that breakage of polymer 

in turbulence is dependent on the type of polymer used. Woodfield (2002) was 

also able to successfully separate flocculant using hydrocyclone, while according 

to the study of Plitt (1968) on hydrocyclone thickening with flocculation, flocs can 

be formed which can resist the shear force in a hydrocyclone. Therefore, flocs 

created as a result of the polymers addition to nanoparticles can be separated from 

the hydrocyclone without breakage. 

Shao (2019) used polyvinylpyrrolidone (PVP) as a polymer to coat nanoparticles 

for the separation of oil emulsion from water. The result of the experiment showed 

that the introduction of PVP in a solvothermal process could significantly increase 

the demulsification efficiency of the magnetic nano-particles with demulsification 

efficiency decreasing with a decreasing concentration of the PVP and that the 

recovered magnetic nanoparticles (MNPs) could be used up to 5 cycles under acidic 

and neutral conditions. 

 

Mirshahghassemi (2017) reviewed the application of high gradient magnetic 

separation for oil concentration using polymer-coated magnetic nanoparticles 

(NP). Mirshahghassemi used polyvinylpyrrolidone (PVP) coated magnetic 

nanoparticles (NP) with a high gradient magnetic separation technique for the 

rapid removal of oil from water mixtures in a continuous flow system and the result 

showed that an increasing magnetic field and inserting wool significantly increased 

oil and NP removal efficiencies. Atta (2017) in his research used liquid based on 

1-allyl-3-methylimidazolium oleate to cap and stabilize the magnetite used for 

cleaning oil from water. An-Hui Lu (2007) listed polymers that can be used with 
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magnetic nano particles as polypyrrole, polyanimline, polyalkylcyanoarylates, 

polymethylidene malonate and polyesters such as polulactic acid, poly glycolic acid 

poly(e-capro-lactone) and their copolymers. 

Although polymer coated nanoparticles are increasingly used in wastewater 

treatment, the ease of separating these polymers from the liquid separated will 

pose a challenge thus the use of thermoresponsive polymers. 

 

In a patent developed by Riele (2014) for Shell Petroleum, ferromagnetic 

nanoparticles were used to separate liquid-liquid by mixing the emulsion with 

ferromagnetic nanoparticles coated with thermoresponsive polymers with tunable 

lower critical solution temperatures (LCST). Exerting a magnetic field on the 

mixture of fluids and LCST polymer coated nanoparticles, induced LCST polymer 

coated nanoparticles to migrate and thereby separated the fluid adsorbed to the 

LCST polymer coated nanoparticles. After the emulsion separation, a change in 

temperature releases these nanoparticles from the extracted fluid and these 

particles can be reused for another cycle of separation.  

 

While many authors have investigated the use of polymer to coat nanoparticle 

used for water treatment, others have just used the magnetic particle or 

nanoparticle alone. Juan (2017) used magnetic graphene oxide nanosheet for rapid 

efficient demulsification of oil in water emulsion, the separated oil was floated, and 

water removed. While Hatamie (2016) evaluated the use of nano-ferrofluid as a 

coagulant for surface water treatment, the use of the nano fluid was seen to 

effective in removing more than 90% of Cd2+, Co2+, Mn2+, Fe2+, Pb2+, Zn2+, Ni2+, 

and Cu2+, with the turbidity of the water decreasing by about 90% and equally 

performing as an excellent antibacterial removing 98% of fecal coliform bacteria, 

97% of coliform bacteria and 60% of chemical oxygen demand (COD).  

 

As can be seen from the review above, different authors have used different 

polymers in wastewater treatment, therefore it is imperative to know the exact 

type of polymer that is ideal for the separation of oil from water. This not only 

prevents agglomeration of the nanoparticles but at the same time enhances the 

deposition of the oil on the surface of the nanoparticle. The use of polymer on 

micro or nano-scale magnetic material modifies the resistivity of the material from 

the insulator realm to a semiconductor regime (Balney, 2007). 
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Based on the nature of the oil and gas industry and water industry, the nano 

particles most be able to adhere to the particles being separated from the produced 

water, thus the polymer that is required should be hydrophobic in nature. The 

polymer should also be resistible to turbulence in the hydrocyclone and easily 

detached from the separated particles (whether liquid or solid). Studies have 

shown that thermo-responsive polymers can be easily detachable. 

2.7   Thermoresponsive polymers 
Responsive polymers are polymeric materials that fall into the smart material 

category, which show reversible transition in properties such as shape, solubility, 

surface characteristics, and molecular assembly in response to a stimulus 

(Teotia,2015). This stimulus could be temperature, magnetic field, electrical 

charges, light, biological and chemical stimuli etc. When the polymer response is 

to temperature it is called thermo-responsive polymer. Although extensively used 

in the pharmaceutical/biomedical industry, it has recently been used in oil- water 

emulsion treatment (Riele, 2014) 

 

There are two different types of thermo-responsive material based on their phase 

transition when subjected to heat; lower critical solution temperature (LCST) and 

upper critical solution temperature (UCST). Polymers that becomes insoluble upon 

heating are LCST polymers while polymers that are soluble upon heating are UCST. 

Examples of LCST include N-isopropylacrylamide (NIPAM), N,N- 

diethylacrylamide(DEAM), methyl vinyl ether(MVE), N-vinylcaprolactam(NVCI) 

and their polymers, while examples of UCST are acrylic acid (AAc) and acrylamide 

(AAm). Among the LCST, polymer of NIPAM (PNIPAM) is considered as the gold 

standard of thermo-responsive polymer (Lutz,2006). The type of 

thermoresponsive polymer to be used depends on the temperature of the oil-water 

emulsion.  
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Summary of Chapter 2 

The effect of hydrocyclone parts (cyclone diameter, vortex finder, spigot section 

and cone angle) on the separation efficiency, pressure drop, and the flow 

parameters were discussed. It was  established that optimising hydrocyclone parts 

alone is not sufficient for the separation of particles less than 10µm in 

hydrocyclone.  

 

The use of magnetic particles in the separation of oil emulsion was also shown. It 

was established that magnetic nanoparticles can be used to separate nano and 

micro sized oil droplets from water. The use of magnetic particles in the separation 

of oil emulsion in a hydrocyclone has however not be evaluated.  

 

Therefore, in this current study it will be assumed that a thermo-responsive 

polymer will be added to the iron oxide magnetic particle (magnetite). The purpose 

of this innovative study is to numerically investigate the integration of magnetic 

particles into the oil water emulsion separation using a magnetically induced 

hydrocyclone (Watson design) with the aim of improving the separation efficiency 

of particles less than 20µm using a hydrocyclone.  

 

The numerical investigation has provided further understanding of the usability of 

the magnetic hydrocyclone in oil separation. It also predicts the fluid flow regime 

process in separating small droplets of oil in a magnetic hydrocyclone. The 

separation efficiency of the magnetic hydrocyclone was reviewed with that of 

conventional hydrocyclone and analyses of changes found were discussed. The 

CFD approach used offered to provide more insight into the flow and forces in the 

magnetic hydrocyclone flow that might be difficult to measure experimentally. 
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Chapter 3   Methodology 
 

 

 

 

 

3.1  Modelling of separation of oil from produced water 
A hydrocyclone is effective equipment to use for separating particles from 

produced water. However, its separation efficiency decreases with a decrease in 

the particle size and it is generally known that particles less than 10µm cannot be 

efficiently separated from produced water using a hydrocyclone. In this study, an 

innovative way of separating oil droplets less than 10µm using a hydrocyclone was 

evaluated. This innovative approach to oil-water separation in a hydrocyclone 

incorporates the use of magnetic particles by way of doping the oil droplets with a 

magnetic particle (micron sized).  

The magnetic particle is assumed to be coated with a suitable polymer. The 

addition of polymer or surfactants make magnetic particles oleophilic and 

hydrophobic in nature. This polymer coated magnetic particles are added to the 

produced water which causes the attraction of oil to the surface of ferromagnetic 

material. The magnetic particles not only induce magnetism into the fluid but also 

increase the density of oil for better separation. This study has focused on the 

complexity of inducing magnetism in a hydrocyclone for the separation of polymer 

coated ferromagnetically doped oil (PCFDO) from produced water. This was 

evaluated using computational fluid dynamics (CFD).  

Certain preparation was assumed to have been made prior to feeding the 

hydrocyclone with PCFDO emulsion, the assumption ranges from the properties of 

the magnetite and polymer to be used and the preparation of the mixture of 

magnetite and polymer. 
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3.2     Concept of Magnetic Particle Doping 

Ferromagnetic particles (magnetite) with the properties stated below have been 

used (Walid, 2017; Zhdanov, 2015; Vella. 2012): 

Properties of Magnetite 

Density    5175kg/m3 

Magnetic permeability   2.5 to 16 h/m 

Electrical conductivity   10000 S/m 

Charge density   7.02c/m3 

The addition of polymer or surfactants makes magnetic particles oleophilic and 

hydrophobic in nature. The coated magnetite was added to the oil- water emulsion 

via gentle agitation prior to being fed into the hydrocyclone. 

A three-dimensional transient state simulation has been run to predict the effect 

of doping oil droplets with polymer magnetic particles and how the introduction of 

magnetic field can improve the separation process of oil droplets with focus on a 

particle size less than 10µm. 

3.3    Computational Fluid Dynamics 
Computational fluid dynamics (CFD) is the numerical analysis that enables the 

prediction of fluid flow, heat transfer, and related phenomena often referred to as 

a numerical experiment in a virtual laboratory. CFD is used in many industries 

including water treatment, food processing, marine engineering, automotive, 

aerodynamics and turbine design among others. This methodology is considered 

because it:  

• Provides faster results (used when faster result is required) 

• Can be used in the early stages of design 

• Reduces risk involved in carrying out experimental work  

• Is very cheap compared to experimental work 

• Can be used to evaluate fluid flow that an experiment might not be able to 

deduce 

• Analyses complex problems involving fluid-fluid, fluid-solid or fluid-gas 

interaction 

The prediction of fluid flow in CFD is based on conservation laws governing the 

flow and is defined in terms of flow geometry, the physical properties of the fluid, 
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and the boundary and initial condition of the flow field (Howard H., 2004). 

However, a suitable numerical method needs to be applied for the solution of the 

conservation law. In these studies, CFD Ansys Fluent 18.2 was used to evaluate 

the following  

• Validation of the experimental results with model results in order to make 

appropriate assumptions for the simulations work 

• Investigation of the separation process of discrete phase particles from 

produced water 

• Investigation of the influence of particle size, flowrate and concentration of 

fluid flow  

• Parametric study of the comparison of the influence of geometrical 

parameter in liquid-liquid and solid-liquid separation 

• Investigation of the influence of magnetic particles in oil- water separation  

• Analysis of the effect of magnetic induction on PCFDO hydrocyclone flow 

through. 

This chapter sheds light on the governing equations for modelling the flow of oil in 

produced water including the polymer coated ferromagnetically doped oil (PCFDO) 

in produced water under the influence of magnetic field. The procedure for solving 

the numerical equation was presented, the modelling parameter (including fluid 

properties, geometry, mesh) and boundary conditions were provided. 

 

3.4   Multiphase Flow Modelling Methods 
The fluid flowing in a hydrocyclone is classified as multiphase flow because there 

are at least two physical states of matter that exist (liquid-liquid, solid-liquid, solid-

gas etc) and the flow is equally anisotropic (highly random and chaotic). In 

anisotropic turbulence flow, the flow is dominated by large eddies (object shape 

and dimension) and small eddies; the small-scale eddies become smaller as the 

fluctuation increases with an increase in the Reynold number.  This makes the 

computing requirement for flow with a high Reynold number huge and modelling 

of such flow difficult. Studies have shown that not all turbulence models can be 

used to evaluate this sort of complex anisotropic flow in a hydrocyclone with many 

of these models producing inaccurate solutions to the conservation equations. 
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There are two approaches to modelling a multiphase flow; the Eulerian- Lagrangian 

model and the Eulerian- Eulerian model. In the Eulerian- Eulerian model; particles 

(including droplets, bubbles) are dispersed in a continuous fluid phase and these 

dispersed particles act as a continuum phase. The different phases are treated 

mathematically as interpenetrating continua. Therefore, individual particles cannot 

be tracked. The volume of one phase cannot be occupied by the other phase with 

the volume fractions assumed to be assumed to be a continuous function of space 

and time and their sum equals one (Wei Chen,2016).  

 

Eulerian – Lagrangian tracks the movement of individual droplets, bubbles or 

particles through the continuum fluid phases to model the overall behaviour of the 

fluid flow. To evaluate the separation of particles in a hydrocyclone, a known 

quantity of particles to be separated from the produced water was imputed into 

the inlet as a dispersed phase and the amount of these particles coming out of the 

hydrocyclone overflow and underflow were noted. In order to be able to evaluate 

the quantity of particles coming out of the overflow and underflow as compared to 

the quantity at the inlet of the hydrocyclone, the particles need to be tracked, thus 

the use of the Eulerian- Lagrangian model in this study. 

 

3.4.1    Eulerian- Lagrangian model 

In the Eulerian- Lagrangian approach the fluid phase is treated as the continuum 

phase by solving time averaged Navier-Stokes equations. However, the dispersed 

phase is solved by tracking the number of particles, bubbles or droplets through 

the calculated flow field (Fluent Manual, 2006). This model captures the interaction 

between the oil droplets and fluid.  The dispersed phase particles trajectories are 

computed discretely at intervals in the fluid phase calculation. Therefore, detailing 

the behaviour of the particle motion simplifies the knowledge of the physical 

phenomenon shown in the solution of Newtonian equations of Lagrangian 

coordinates and conservation equations for the continuum phase.  

 

Generally, the dispersed phase is assumed to have a low volume (less than 10%) 

when compared to the continuum phase although a high mass loading is 

acceptable. The particles of the dispersed phase are also assumed to be spherical 
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in shape. In produced water separation, the oil or sand to be separated are the 

dispersed phase while the continuum phase is the water phase. The principle of 

separating either oil or sand are different. With oil-water separation, the oil is 

discharged at the overflow section of the cyclone, while in solid-water separation, 

sand is discharged at the underflow section of the hydrocyclone. An important 

factor causing separation in the hydrocyclone is the density differential between 

the separating particles and the produced water. In a hydrocyclone, the particle 

motion behaviour is modelled by evaluating the forces acting on the dispersed 

phase.  

 

The Lagrangian discrete phase model is adopted in this study because of its ability 

to track particles as a group and most especially because it is the recommended 

model for tracking liquid droplets like oil. The discrete element method is more 

appropriate for tracking solid particles. Using the Lagrangian model, the continuum 

and discrete phase can be coupled together. This allows the exchange of 

momentum and energy between the two phases (continuum and discrete) and the 

type of coupling used depends on the particle loading as this affects the degree of 

interaction between the phases. The interaction between the continuum and the 

discrete phase can be divided into three categories one-way coupling, two-way 

coupling and four-way coupling.   

 

One-way coupling is centred on the prediction of the discrete phase flow field based 

on the fixed continuous phase, that is the discrete phase has no influence on the 

continuum phase. However, the continuum phase influences the discrete phase via 

drag and turbulence. This is normally used when particle loading is extremely low. 

Two-way coupling on the other hand captures the influence of the continuum phase 

on the discrete phase via drag and turbulence and the influence of the discrete 

phase on the continuum phase via reduction in mean momentum and turbulence. 

Two-way loading is usually used for intermediate particle loading. When the 

particle loading is high, in addition to the two-way coupling the pressure velocity 

stresses due to the particles are also evaluated and this is called four way coupling 

and only the Eulerian model can be used with this type of particle coupling method 

(Fluent manual, 2006). In this research, because particle loading is expected to be 

less than 10% in a hydrocyclone, the two way coupling approach was used. 
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With the coupling of the discrete phase with the continuum phase, the trajectories 

of the discrete particles can be in escaped, incomplete, trapped, evaporated or 

aborted form.  

 

In fluent, particles are considered to have escaped if the trajectories terminate at 

the flow boundary for which the escape is set. When particle trajectories exceed 

the maximum allowable time step then it is declared incomplete. A trapped particle 

on the other hand has its trajectory terminated at the boundary for which the trap 

is set. When particle trajectories evaporate in the domain it is declared evaporated, 

and lastly an aborted particle is a particle that fails to complete due to numerical 

or round-off reasons. 

3.5     Governing Equations 

The governing equations for the Eulerian- Lagrangian approach include the 

transport equations and the closure models. The mass and momentum 

conservation equation for two phase incompressible fluid (solid-liquid or liquid-

liquid) are derived based on the description in Versteeg (2007), Fluent manual 

(2006), Blazek (2015) and Mazhar (2016) and are based on the principle of 

conservation of mass, momentum and energy (known as the Navier Stokes 

equation). The conservation of flow quantity means the total variation of flow in a 

volume and is the result of the total volume being transported across the boundary 

of any internal or external forces or sources acting on the volume, Blazek (2015). 

In the Eulerian- Lagrangian approach the mass and momentum conservation 

equation is given as follows: 

3.5.1    Continuity Equation  

Continuity Equation  

The rate at which mass enter a system is equal to the mass out of the system 

plus the accumulated mass in the system. For unsteady three-dimensional 

incompressible fluid, density of fluid remains constant and the continuity 

equation is given by equation 3.1 

𝜕𝜌𝑚

𝜕𝑡
+

𝜕(𝜌𝑚𝑢𝑚𝑖)

𝜕𝑥𝑖
= 0         (3.1) 
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Momentum Equation 

The change of momentum of a fluid particle equals the sum of the forces on the 

particle (Newton Second Law). Therefore, the rate of increase of the momentum 

per unit volume is given by equation 3.2 

𝜕(𝜌𝑚𝑢𝑚𝑖)

𝜕𝑡
+

𝜕(𝜌𝑚𝑢𝑚𝑖𝑢𝑚𝑗)

𝜕𝑥𝑗
=  −

𝜕𝑃

𝜕𝑥𝑖
+

𝜕𝑃𝑠

𝜕𝑥𝑖
+

𝜕𝜏𝑚𝑖𝑗

𝜕𝑥𝑗
+

𝜕(−𝜌𝑚𝑢𝑚𝑖
′ 𝑢𝑚𝑗

′ )̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

𝜕𝑥𝑗
+

𝜕

𝜕𝑥𝑗
(∑ 𝜌𝑘𝑢𝑑𝑟,𝑘𝑖𝑢𝑑𝑟,𝑘𝑗

𝑛
𝑘=1 ) + 𝑔𝜌𝑚        (3.2) 

Where 𝜌𝑚, 𝑢𝑚, 𝜏𝑚 and 𝑃𝑠 are density, velocity, viscous stress and pressure of 

total discrete phase respectively. These equations are based on momentum 

theory under the assumption that flow is steady, incompressible, and the fluid is 

homogenous and viscous. The viscous stress (𝜏𝑚) and drift velocity are given by 

equation 3.2a and 3.2b respectively 

𝜏𝑚𝑗𝑗 = 𝜇𝑚 (
𝜕𝑢𝑚𝑗

𝜕𝑥𝑖
+

𝜕𝑢𝑚𝑖

𝜕𝑥𝑗
)        (3.2a) 

𝑢𝑑𝑟.𝑘𝑖 =
(𝜌𝑘−𝜌𝑚)𝑑𝑘

2

18𝜇𝑤𝑓
 𝑎𝑘𝑖 −

4𝜂𝑡

3
(

𝑣̅𝛼𝑘

𝛼𝑘
−

𝑣̅𝛼𝑤

𝛼𝑤
) − ∑ (

𝛼𝑘𝜌𝑘𝑢𝑤𝑘.𝑖

𝜌𝑚
)𝑛

𝑘=1    (3.2b) 

𝜇𝑚 and 𝛼𝑤 are the viscosity and volume fraction of the continuous phase while 

𝛼𝑘, 𝜌𝑘, 𝑎𝑘, 𝑑𝑘 are volume fraction, density, acceleration and diameter of the 

discrete phase. 𝑢𝑤𝑘.𝑖 is the velocity of the continuous phase relative to the 

discrete phase and 𝜂𝑡 is the turbulent diffusivity. Figure 3-1 shows the coordinate 

of the hydrocyclone. 

-  

Figure 3-1: Hydrocyclone Coordinate Sketch 

Y 

X Z 



67 

 

3.6.    Turbulence Model 

The instantaneous fluid flow as a function of time in a hydrocyclone can be solved 

directly by using direct numerical simulation, DNS (defined as the complete three-

dimensional and time dependent solution of the Navier-Stokes equation) or 

resolving the flow into small and large scale fluctuation by using large eddy 

simulation LES. However, both methods are computationally expensive as it takes 

more time to run these simulations. Studies have shown (Narasimha, 2007; 

Dejoan, 2007; Jafari, 2017) that numerical simulation carried out using the 

Reynold average Navier- Stokes (RANS) equations are computationally less 

expensive compared to DNS and LES and produced acceptable results even with 

coarser mesh structure and large time steps in the numerical simulation. Out of 

the RANS equations available, the RSM model is the most elaborate type of 

turbulence model that is recommended for modelling anisotropic flow (fluent 

manual, 2006). 

The transport and closure models used in the modelling of fluid flow in 

hydrocyclone are very important because separation is based on the direction of 

movement of fluid particles in a hydrocyclone. The particle movement is dependent 

on how the flow turbulence is being modelled. The turbulence model not only 

affects how particles are separated but also the size of the particle. 

Different turbulence models have been used over the years for the simulation of 

flow in a hydrocyclone, out of which are the RANS models (the most widely used 

of this RANS model is the k-ε models and RSM models), Large Eddy Model (LES) 

and Direct Numerical simulation ((DNS). The comparison of the use of some of the 

RANS models (k-ε models, transition SST and RSM) in hydrocyclone simulation is 

evaluated in the next chapter. 

The k-ε models resolve average turbulence stresses through modelling their own 

transport equations, while in the RSM model, each turbulence stress is resolved 

individually with anisotropy of turbulence having a dominant effect on the mean 

flow. All k-ε models have similar transport equations for the turbulence kinetic 

energy (k) and rate of dissipation (ε) but tend to differ in the method used for 

calculating turbulent viscosity.  
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3.6.1    Standard k-ε model 

This model assumed flow to be isotropic and thus considers average and time 

scales.   

The transport equation for the standard k-ε two equation model is given by 

equations 3.3 and 3.4 (Launder and Spalding, 1974) 

𝐷𝜀

𝐷𝑡
=

1

𝜌
 

𝜕

𝜕𝑥𝑘
[

𝜇𝑡

𝜎𝜀
 

𝜕𝜀

𝜕𝑥𝑘
] +

𝐶1𝜇𝑡

𝜌
 

𝜀

𝑘
 (

𝜕𝑈𝑖

𝜕𝑥𝑘
+

𝜕𝑈𝑘

𝜕𝑥𝑖
) 

𝜕𝑈𝑖

𝜕𝑥𝑘
− 𝐶2 

𝜀2

𝑘
     (3.3) 

𝐷𝑘

𝐷𝑡
=

1

𝜌
 

𝜕

𝜕𝑥𝑘
[

𝜇𝑡

𝜎𝑘
 

𝜕𝑘

𝜕𝑥𝑘
] +

𝜇𝑡

𝜌
(

𝜕𝑈𝑖

𝜕𝑥𝑘
+

𝜕𝑈𝑘

𝜕𝑥𝑖
) 

𝜕𝑈𝑖

𝜕𝑥𝑘
− 𝜀      (3.4) 

 

In the standard k-ε model, 𝜇𝑡 which is the turbulence viscosity is calculated using 

equation 3.5 

𝜇𝑡 = 𝜌𝐶µ
𝑘2

𝜀
          (3.5) 

Where 𝑘- kinetic energy, 𝜀 -dissipation, 𝑡 – time, subscript I, j, k denotes Cartesian 

coordinate direction, 𝐶1, 𝐶2 , 𝐶µ are coefficient in the approximated turbulent 

transport equation and the value of these constants are given in table 3.1 below  

Table 3-1: The values of k-ε model constants 

Cµ C1 C2 𝜎𝑘 𝜎𝜀 

0.09 1.44 1.92 1.0 1.3 

 

3.6.2   Renormalization (RNG) k-ε model 

RNG k-ε model is based on a theory that takes into consideration the prediction of 

swirl flow and strain rate variation. It is also capable of making the model more 

versatile than the standard k-ε model. 

The transport equation is shown in equation 3.6 and 3.7 below  

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
(𝜎𝑘𝜇𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
)+ 𝐺𝑘 +  𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘   (3.6) 
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𝜕(𝜌𝜀)

𝜕𝑡
+

𝜕(𝜌𝜀𝑢𝑖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
(𝜎𝑘𝜇𝑒𝑓𝑓

𝜕𝜀

𝜕𝑥𝑗
)+ 𝐶1𝜀

𝜀

𝑘
 (𝐺𝑘 +  𝐶3𝜀𝐺𝑏)—𝐶2𝜀𝜌

𝜀2

𝑘
− 𝑅𝜀 + 𝑆𝜀 (3.7) 

 

 𝐺𝑘, 𝐺𝑏, 𝑌𝑀 are solved using the same equation in standard k-ε models but the 

turbulence prandtl number (𝑃𝑟𝑡) is calculated differently in the RNG model.  

𝑃𝑟𝑡 =
1

𝛼
          (3.8) 

𝐺𝑘 Generation of turbulence kinetic energy due to mean velocity gradient, it is 

modelled the same as for RNG and realisable models 

𝐺𝑘 = 𝜇𝑡𝑆2         (3.9) 

𝑆 Modulus of the mean rate of strain tensor  

𝐺𝑏 Generation of turbulence kinetic energy due to buoyancy 

𝐺𝑏 = 𝛽𝑔𝑖
𝜇𝑡

𝑃𝑟𝑡

𝜕𝑇

𝜕𝑥𝑖
         (3.10) 

𝑌𝑀 Dilatation dissipation, this is normally neglected in an incompressible flow 

𝑌𝑀 = 2𝜌𝜀𝑀𝑡
2         (3.11) 

𝜌  Density of the fluid  

𝛼 Inverse prandtl number 

𝑆𝑘, 𝑆𝜀 user defined source terms 

 

RNG Viscosity Modification 

Effective turbulence viscosity allows the RNG model to handle a low Reynold 

number and near wall flows. The effective viscosity can either be calculated using 

equation 3.12 below or equation 3.5 above for low and high Reynold number 

respectively.  

𝑑 (
𝜌2𝑘

√𝜀𝜇
) = 1.72 

𝑣̂

√𝑣̂3−1+𝐶𝜈
𝑑𝑣̂       (3.12)  

𝑣̂ =
𝜇𝑒𝑓𝑓

𝜇
 and  𝐶𝜈 is assumed to be 100 
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The flow in the hydrocyclone is high turbulence flow, therefore equation (3.5) 

above is applicable. 

RNG Swirl Modification 

To account for the swirl in turbulence flow, equation 3.13 below was introduced 

into the model. Swirl modification is used for three dimensional, axisymmetric 

swirling flows.  

𝜇𝑡 = 𝜇𝑡0  𝑓 (𝛼𝑠, Ω,
𝑘

𝜖
 )         (3.13) 

      

𝜇𝑡0  This is the value of turbulent viscosity calculated without swirl modification 

using equation 3.5 or 3.12 

Ω Swirl number  

𝛼𝑠 Swirl constant that assumes different values depending on whether the flow 

is swirl dominated or only mildly swirling. The default of 0.07 is for mild 

swirl while it is recommended that a high value can be used for a strong 

swirl flow.  

Addition to Dissipation Equation  

The significant difference between the RNG k-ε model and the standard k-ε model 

is the introduction of 𝑅𝜀 terms in the dissipation equation.  

𝑅𝜀 =
𝐶𝜇𝜌𝜂3(1−

𝜂

𝜂0
)

1+𝛽𝜂3

𝜖2

𝑘
                          (3.14) 

With the modifications above, the RNG model is considered suitable for turbulence 

with low/high swirl as well as low or high Reynold number flows. 

3.6.3    Realizable k-ε model 

This model can produce better results for rotational flows, boundary layers under 

adverse pressure gradient, flow involving separation and recirculation because it 

fulfils some mathematical constraints on Reynold stresses that are consistent with 

the physics of turbulence flow.  
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The model differs from the standard k-ε model as it includes new equations for the 

turbulent viscosity and has a new transport equation for the dissipation rate (𝜀) 

shown in 3.15 and 3.16: add original reference. 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
]+ 𝐺𝑘 +  𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘    (3.15) 

𝜕(𝜌𝜀)

𝜕𝑡
+

𝜕(𝜌𝜀𝑢𝑖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
]+𝜌𝐶1𝑆𝜀 −  𝜌𝐶2

𝜀2

𝑘+√𝜐𝜀
+ 𝐶1𝜀

𝜀

𝑘
𝐶3𝜀𝐺𝑏 + 𝑆𝜀  (3.16) 

 

Where  

𝐶1 = max [0.43,
𝜂

𝜂+5
]             (3.17) 

  𝜂 = 𝑆
𝑘

𝜀
              (3.18) 

𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗              (3.19) 

𝑆𝑖𝑗 Strain rate           

New Turbulence Viscosity Equation  

In the realizable k-ε model, the turbulence viscosity (eddy viscosity) is calculated 

based on equation 3.5; however, the value of  𝐶µ is calculated using equation 3.20. 

A viscosity constant of 0.09 is used for an inertial sublayer in an equilibrium 

boundary layer and 0.05 can be used in a strong homogenous shear flow. 

𝐶𝜇 =
1

𝐴0+𝐴𝑠
𝑘𝑈∗

𝜀

          (3.20) 

𝑈∗ ≡ √𝑆𝑖𝑗𝑆𝑖𝑗 +  Ω̃𝑖𝑗Ω̃𝑖𝑗         (3.21) 

  

𝐴0 and 𝐴𝑠 are model constants given as 4.04 and 𝐴𝑠 = √6𝑐𝑜𝑠𝜃 

Ω̃𝑖𝑗 Rotation rate 

 

3.7     Transition SST model 

This model looks at the important effect of the laminar-turbulence transition, it 

covers standard bypass transition as well as flows in low free-stream turbulence 
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environments. The model coupled two transport equations, one for intermittency 

and the other for transition onset in terms of momentum thickness, Reynold 

number in addition to SST’s of k-ω equations. 

The transition SST model is divided into five sections 

• The formulation of the intermittency transport equation used to trigger 

transition onset 

• Transport equation for transition momentum thickness Reynold number 

• Modification used to improve the predictions for separated flow transition 

• Correlation overview that needs to be used with the model 

• Coupling of transition model with SST model 

3.7.1 The intermittency transport equation is defined by equation 3.22  

below  

𝜕(𝜌𝛾)

𝜕𝑡
+

𝜕(𝜌𝑈𝑗𝛾)

𝜕𝑥𝑗
= 𝑃𝛾1 − 𝐸𝛾1 + 𝑃𝛾2 − 𝐸𝛾2 +

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝛾
)

𝜕𝛾

𝜕𝑥𝑗
]    (3.22) 

The transition sources are defined by equation below 

𝑃𝛾1 = 2𝐹𝑙𝑒𝑛𝑔𝑡ℎ𝜌𝑆[𝛾𝐹𝑜𝑛𝑠𝑒𝑡]𝑐𝛾3        (3.23) 

𝐸𝛾1 = 𝑃𝛾1𝛾          (3.24) 

𝑃𝛾2 = (2𝐶𝛾1)𝜌Ω𝛾𝐹𝑡𝑢𝑟𝑏         (3.25) 

𝐸𝛾2 = 𝐶𝛾2𝑃𝛾2𝛾          (3.26) 

𝑃𝛾1 and 𝐸𝛾1   Transition sources 

𝑃𝛾2 and 𝐸𝛾2   Destruction/re-laminarization sources.  

Ω    Vorticity magnitude 

S   Strain rate magnitude 

𝐹𝑙𝑒𝑛𝑔𝑡ℎ Empirical correlation that controls the length of the transition 

region 

𝐹𝑜𝑛𝑠𝑒𝑡   Transition onset trigger 

𝐹𝑡𝑢𝑟𝑏 disabler of destruction or re-laminarization source in fully 

turbulent regime  
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𝜌   Density 

𝛾   Intermittency factor 

𝐶𝛾1, 𝐶𝛾2, 𝐶𝛾3 Intermittency equation constant with value of 0.03, 50 and 0.5 

respectively 

𝑅𝑇   Viscosity ratio  

𝑅𝑒𝜈   Vorticity (strain-rate) Reynolds number 

The transition onset is controlled by equation below 

𝐹𝑜𝑛𝑠𝑒𝑡1 =
𝑅𝑒𝑣

2.193𝑅𝑒𝜃𝑐
         (3.26a) 

𝐹𝑜𝑛𝑠𝑒𝑡2 = min[𝑚𝑎𝑥(𝐹𝑜𝑛𝑠𝑒𝑡1, 𝐹𝑜𝑛𝑠𝑒𝑡1
4 ), 2.0]      (3.27) 

𝐹𝑜𝑛𝑠𝑒𝑡3 = 𝑚𝑎𝑥 (1 − (
𝑅𝑇

2.5
)

3
, 0)        (3.28) 

𝐹𝑜𝑛𝑠𝑒𝑡 = 𝑚𝑎𝑥(𝐹𝑜𝑛𝑠𝑒𝑡2 − 𝐹𝑜𝑛𝑠𝑒𝑡3, 0)       (3.29) 

𝐹𝑡𝑢𝑟𝑏 = 𝑒
−(

𝑅𝑇
4

)
4

         (3.30) 

Where     𝑅𝑒𝑣 =
𝜌𝑦2

𝜇
      (3.31) 

  

𝑅𝑇 =
𝜌𝑘

𝜇𝜔
          (3.32) 

3.7.2 Equation for transition momentum thickness Reynold number is 

given by (𝐑𝐞𝜽𝒕̃) 

𝜕(𝜌𝑅𝑒𝜃𝑡̃)

𝜕𝑡
+

𝜕(𝜌𝑈𝑗𝑅𝑒𝜃𝑡̃)

𝜕𝑥𝑗
= 𝑃𝜃𝑡 +

𝜕

𝜕𝑥𝑗
[𝜎𝜃𝑡(𝜇 + 𝜇𝑡)

𝜕𝑅𝑒𝜃𝑡̃

𝜕𝑥𝑗
]     (3.33) 

𝑃𝜃𝑡 transition momentum thickness source term and is defined by 

𝑃𝜃𝑡 = 𝐶𝜃𝑡
𝜌

𝑡
(𝑅𝑒𝜃𝑡 − 𝑅𝑒𝜃𝑡̃)(1.0 − 𝐹𝜃𝑡)       (3.34) 

t is time scale given by  

𝑡 =
500𝜇

𝜌𝑈2           (3.35) 
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𝐹𝜃𝑡 blending function used to turn off the source term in the boundary layer and 

allow the transported scalar 𝑅𝑒𝜃𝑡̃ to diffuse in from free stream 

𝐹𝜃𝑡 zero in free stream and one in boundary layer 

𝐹𝜃𝑡 = min (𝑚𝑎𝑥 (𝐹𝑤𝑎𝑘𝑒𝑒(𝑦 𝛿⁄ )4
, 1.0 (

𝛾−1
𝐶𝑒2

⁄

1−1
𝐶𝑒2

⁄
)

2

) , 1.0)     (3.36) 

𝐹𝑤𝑎𝑘𝑒 = 𝑒
−(

𝑅𝑒𝜔
1 𝑥 105)

         (3.37) 

𝑅𝑒𝜔 =
𝜌𝜔𝑦2

𝜇
          (3.38) 

𝐹𝑤𝑎𝑘𝑒 inactivate blending function in the wake region 

𝛿 =
50Ω𝑦

𝑈
𝛿𝐵𝐿   𝛿𝐵𝐿 =

15

2
𝜃𝐵𝐿  𝜃𝐵𝐿 =

𝑅𝑒𝜃𝑡̃𝜇

𝜌𝑈
 

𝛿 boundary layer thickness 

𝜇 Viscosity 

𝑦 distance from the nearest wall 

𝜔 Dissipation  

𝐶𝑒2 Constant  

3.7.3   Modification to improve separation induced transition 

𝛾𝑠𝑒𝑝 = 𝑚𝑖𝑛 (𝑆1𝑚𝑎𝑥 [0, (
𝑅𝑒𝜈

3.235𝑅𝑒𝜃𝑐
) − 1] 𝐹𝑟𝑒𝑎𝑡𝑡𝑎𝑐ℎ , 2) 𝐹𝜃𝑡    (3.39) 

𝐹𝑟𝑒𝑎𝑡𝑡𝑎𝑐ℎ = 𝑒
−(

𝑅𝑇
20

)
4

         (3.40) 

𝛾𝑠𝑒𝑝 = 𝑚𝑎𝑥(𝛾, 𝛾𝑠𝑒𝑝)         (3.41) 

𝑆1   constant given as 2 

𝐹𝜃𝑡   blending function 

𝐹𝑟𝑒𝑎𝑡𝑡𝑎𝑐ℎ disables the modification once the viscosity ratio is large 

enough to cause reattachment. 

3.7.4    Empirical Correlations  

𝑅𝑒𝜃𝑡 = 𝑓(𝑇𝑢,  𝜆𝜃)         (3.42) 
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𝐹𝑙𝑒𝑛𝑔𝑡ℎ = 𝑓(𝑅𝑒𝜃𝑡̃)         (3.43) 

𝑅𝑒𝜃𝑐 = 𝑓(𝑅𝑒𝜃𝑐̃)         (3.44) 

𝑇𝑢 =
100√2𝑘

3⁄

𝑈
          (3.45) 

 𝜆𝜃 =
𝜌𝜃2

𝜇

𝑑𝑈

𝑑𝑆
          (3.46) 

𝑇𝑢    turbulence intensity 

𝜃   momentum thickness 

𝑘   turbulent kinetic energy  

𝑈   mean velocity 

𝑅𝑦   wall-distance based turbulent Reynolds number 

The transition model is coupled with SST k-ω using equation 3.47 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝑘) = 𝑃𝑘̃ − 𝐷𝑘̃ +

𝜕

𝜕𝑥𝑗
((𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
)     (3.47) 

𝑃𝑘̃ = 𝛾𝑒𝑓𝑓𝑃𝑘          (3.48) 

𝐷𝑘̃ = min(𝑚𝑎𝑥(𝛾𝑒𝑓𝑓 , 0.1), 1.0)𝐷𝑘        (3.49) 

𝑅𝑦 =
𝜌𝑦√𝑘

𝜇
          (3.50) 

𝐹3 = 𝑒
−(

𝑅𝑦

120
)

3

          (3.51) 

𝐹𝑡 = max(𝐹1𝑜𝑟𝑖𝑔, 𝐹3)         (3.52) 

Where Pk and Dk are production and destruction terms in the SST model while F1orig 

is the SST blending function 

F1orig   is the original blending function from the SST turbulence model 

 

3.8    Reynolds Stress Model (RSM) 

The Reynolds Stress Model uses seven equations to solve the transport equation 

of stresses in addition to the equation for dissipation rate. It accounts for the effect 
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of swirl, curvature, rotation and changes in strain more rigorously than any other 

RANS equation models. RSM is a seven-equation model which is used for 

calculating transport Reynold stresses, these equations are given below. 

𝐷𝑅𝑖𝑗

𝐷𝑡
=

𝛿𝑅𝑖𝑗

𝛿𝑡
+ 𝐶𝑖𝑗 = −𝐷𝑇,𝑖𝑗 + 𝐷𝐿,𝑖𝑗 − 𝑃𝑖𝑗 − 𝐺𝑖𝑗 + Ø𝑖𝑗 + 𝜀𝑖𝑗 + 𝐹𝑖𝑗     (3.53) 

Where  

𝛿𝑅𝑖𝑗

𝛿𝑡
=

𝜕

𝜕𝑡
(𝜌𝑢𝑖

′𝑢𝑗
′)     Local time derivative   (3.54) 

𝐶𝑖𝑗 =
𝜕

𝜕𝑥𝑘
(𝜌𝑢𝑘𝑢𝑖

′𝑢𝑗
′)     Convection    (3.55) 

𝐷𝑇,𝑖𝑗 =
𝜕

𝜕𝑥𝑘
[𝜌𝑢𝑖

′𝑢𝑗
′𝑢𝑘

′ + 𝑃′(𝛿𝑘𝑗𝑢𝑖
′ + 𝛿𝑖𝑘𝑢𝑗

′)]  Turbulence Diffusion  (3.56) 

𝐷𝐿,𝑖𝑗 =
𝜕

𝜕𝑥𝑘
[𝜇

𝜕

𝜕𝑥𝑘
(𝑢𝑖

′𝑢𝑗
′)]    Molecular Diffusion   (3.57) 

𝑃𝑖𝑗 = 𝜌 (𝑢𝑖
′𝑢𝑘

′ 𝜕𝑢𝑗

𝜕𝑥𝑘
+ 𝑢𝑗

′𝑢𝑘
′ 𝜕𝑢𝑖

𝜕𝑥𝑘
)    Stress Production   (3.58) 

𝐺𝑖𝑗 = 𝜌𝛽 (𝑔𝑖𝑢𝑗
′𝜃 +  𝑔𝑖𝑢𝑙

′𝜃)     Buoyancy production  (3.59) 

Ø𝑖𝑗 = 𝑃′ (
𝜕𝑢𝑗

′

𝜕𝑥𝑗
+

𝜕𝑢𝑗
′

𝜕𝑥𝑖
)     Pressure Strain   (3.60) 

𝜀𝑖𝑗 = −2𝜇
𝜕𝑢𝑖

′

𝜕𝑥𝑘

𝜕𝑢𝑗
′

𝜕𝑥𝑘
     Rate of dissipation   (3.61) 

𝐹𝑖𝑗 = −2𝜌Ω𝑘 (𝑢𝑗
′𝑢𝑚

′ 𝜖𝑖𝑘𝑚 + 𝑢𝑖
′𝑢𝑚

′ 𝜖𝑗𝑘𝑚)    Production by system rotation   (3.62) 

 

3.9    Discrete Particle Model (DPM) 

DPM was used to model the discrete phase in the fluid flowing in the hydrocyclone, 

this model is used for dilute medium density particle concentration in flows. The 

acceleration of the particles/ physical equation used for discrete phase calculation 

is given by Newton’s second law  

𝑑

𝑑𝑡
𝑢𝑝 = ∑ 𝑓𝑝          (3.63) 

𝑑

𝑑𝑡
𝑢𝑝 =  𝐹𝐷(𝑢 − 𝑢𝑝) +

𝑔𝑥(𝜌𝑝−𝜌)

𝜌𝑝
+ 𝐹𝑥       (3.64)  
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Where 𝐹𝑥 is the additional particle forces that can be important to the flow, these 

forces include virtual mass force, Saffman lift force, pressure gradient force, 

magnus force and Basset force. All these forces are neglected in the simulations 

apart from the lift force to evaluate the size of the force against the drag force. 

𝐹𝐷(𝑢 − 𝑢𝑝)   Drag force per unit mass 

Drag Force 𝑭𝑫 

Drag force is a resistance force resulting from the motion of a particle through a 

fluid, it acts in parallel to the flow direction. Drag force is based on the velocity 

difference between particles and fluid and is expressed by equation 3.65 below  

𝐹𝐷 =
18𝜇

𝜌𝑝𝑑𝑝
2  

𝐶𝐷𝑅𝑒

24
          (3.65) 

For sub-micron particles 

 𝐹𝐷 =
18𝜇

𝜌𝑝𝑑𝑝
2𝐶𝑐

           (3.66) 

𝑅𝑒 =
𝜌𝑑𝑝|𝑢𝑝−𝑢|

𝜇
          (3.67) 

u= fluid phase velocity     𝑢𝑝 =Particle velocity 

μ = Molecular Viscosity     ρ    = Density of Fluid 

𝜌𝑝 = Density of Particle     𝑑𝑝 = Particle Diameter 

𝑅𝑒 = Reynold number      𝐶𝐷 = Drag Coefficient  

𝐶𝑐 =  Cunningham correction to strokes drag law 𝜆   = Molecular mean free 

path 

𝐶𝑐 = 1 +
2𝜆

𝑑𝑝
(1.257 + 0.4𝑒

(
1.1𝑑𝑝

2𝜆
⁄ )

)       (3.68) 

Lift Force 

Generally, the flow of fluid around a particle introduces a force on the particle, lift 

force is the component of this force that is perpendicular to the flow direction. Lift 

force acts in an upward direction to oppose the force of gravity and can also act in 

any direction at right angles to the flow. Lift force is produced in a fluid when the 

velocity gradient is induced by pressure distribution on a particle. 
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𝐹𝑠 =
9.69

𝜋𝑑𝑝𝜌𝑝
(

𝜇𝜌

𝛾̇
)

1

2
𝐶𝐿𝑆(𝑢 − 𝑢𝑝)              (3.69) 

𝛾̇ is the fluid rate of deformation, and 𝐶𝐿𝑆 is the lift force coefficient, 𝑢𝑝 is the particle 

velocity and 𝑢 fluid viscosity. 

Virtual Mass Force 

The virtual force is the force required to accelerate the continuous phase in the 

immediate environment of the droplet or particle being considered. This force is 

significant when the density of fluid is greater than the density of the particle. The 

force is given by  

𝐹𝑥 =
1

2

𝜌

𝜌𝑝
 

𝑑

𝑑𝑡
(𝑢 − 𝑢𝑝)           (3.70) 

Pressure Gradient force  

The pressure gradient force occurs as a result of the difference in the pressure 

across the surfaces. This force accelerates particles because of the irregular 

distribution of hydraulic pressure on the surface of particles, resulting in local fluid 

pressure gradient around the particles.  The strength of the pressure gradient force 

can be changed by reducing the distance of the pressure change. The pressure 

gradient force is given by equation 3.71 below   

𝐹𝑝 =  
𝑚𝑓

𝜌
𝑉𝑝             (3.71) 

Saffman Lift Force 

The Saffman force occurs due to the local flow velocity gradient and this is usually 

due to near wall shear. It can also be described as the force produced in a fluid 

when the velocity gradient is induced by pressure distribution on a particle. 

𝐹𝑠 =
9.69

𝜋𝑑𝑝𝜌𝑝
(

𝜇𝜌

𝛾̇
)

1

2
𝐶𝐿𝑆(𝑢 − 𝑢𝑝)               (3.72) 

𝛾̇ is the fluid rate of deformation, and 𝐶𝐿𝑆 is the lift force coefficient, 𝑢𝑝 is the particle 

velocity and 𝑢 fluid viscosity.   

Basset Force  

This is the force resulting from the delay a particle undergoes when moving in a 

viscous fluid, this force produce an unstable boundary layer around the practice as 
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velocity changes with time. The Basset term accounts for the viscous effect and 

addresses the delay in boundary layer development as the relative velocity 

changes with time. The force is given by the equation below. 

𝐹𝐵 =
9

𝑑𝑝𝜌𝑝
√

𝜌𝜇

𝜋
∫

(𝑑𝑢 𝑑𝜏)−𝑑𝑢𝑝 𝑑𝜏⁄⁄

√𝑡−𝜏
 𝑑𝜏

𝑡

𝑡𝑜
           (3.73) 

Magnus Force 

This is the force due to the rotation of particles. The pressure difference between 

the particle sides produces velocity difference because of the rotational motion 

thus producing the force. The force is given by the equation below  

𝐹𝑚 =
1

2
𝜌(𝑢 − 𝑢𝑝)

2
𝐶𝐿

𝐴𝑑2

4
         (3.74) 

𝐶𝐿is lift force coefficient 

 A is area and d the diameter of particle. 

 

3.10   Magnetohydrodynamic Model (MHD) 

To evaluate the effect of magnetic induction on PCFDO a magnetic field needs to 

be introduced into the system and this is done in fluent with the introduction of 

the Magnetohydrodynamic Model (MHD). MHD studies magnetic properties and the 

behaviour of electrically conducting fluids; governing equation for MHD are fluid 

dynamics and the Maxwell equation. MHD equations describe the motion of a 

conducting fluid interacting with a magnetic field. The electrically conductive fluid 

is usually the discrete phase; thus, oil droplets are the conductive fluid used in this 

study. The solutions of the equations of MhD is constrained by set of conservation 

law below  

For a conductive fluid, the Magnetic induction equation is shown in equation 3.75 

below 

 

𝜕𝐵

𝜕𝑡
= ∇ (𝑢. 𝐵) − ∇ (𝜂∇ 𝐵)        (3.75) 

  

where  𝜂 =
1

𝜇𝜎
  

 

𝐵 =Magnetic Field in Tesla        
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𝑢 = Fluid velocity Field   

𝜇=Magnetic Permeability  

𝜂 =Magnetic Diffusivity   

∇= Operator referred to as grad, nabla, or delta  

𝜎 =conductivity of fluid 

 

Fluid carrying current density in a magnetic field experience Lorentz force (𝐹𝑚) 

per unit volume and this is given by equation 3.76 

 

 𝐹𝑚 = −∇ (
𝐵2

2𝜇
) +

1

𝜇
𝐵. ∇𝐵        (3.76) 

 

3.11    Boundary Conditions 
The boundary conditions include the inlet, outlets and wall boundaries in the 

computational domains. A velocity inlet was used as the inlet boundary condition 

because the flow velocity at the inlet of the hydrocyclone is not known and the 

pressure changes to the value required for the velocity distribution. 

The outlets were set to outlet vent boundaries because it is assumed that the oil 

and water were discharged at atmospheric conditions (with this assumption the 

outlet vent and the pressure outlet boundary condition produced the same results). 

The wall was set to the wall boundary condition. 

3.12  Computational Procedure 

The computational domain geometry and grid were produced with the ansys design 

modeller and ansys ICEM (integrated computer engineering and manufacturing 

software) respectively with 386318 hexahedral structured cells and 396357 nodes. 

The grid is a discrete representation of the geometric domain in which the problem 

is solved and divides the solution domain into a finite number of sub-domains 

called elements.  A grid sensitivity test was done with 592,000 cells which showed 

that the size of the grid is enough to give an acceptable accurate result. The 

simulations took between 400000 and 750,000 iterations and converge in 

approximately 2 months (using a  computer with  4GB RAM and processor of 4 

core) but with an improved system, the convergence time was reduced to 2-3 

weeks for the two-phase simulations run (using computer with 32GB RAM and  16 

core processor). 
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The discretization was done using the finite volume method, pressure-based 

solver, and transient time with a timestep of 0.0001 secs. The convergence criteria 

were set to fluent default of 10-3, these convergence criteria were considered 

sufficient for research work (Hugo A., 2014). These convergence criteria are 

important from the accuracy and efficiency point of view. 

 

The discrete values of the scalar are stored in the cell centres, on the surface 

convection terms are required for the discrete values and must be interpolated 

from the cell centre values. This is accomplished by using an upwind scheme. The 

upwind scheme used in the simulation for the geometrical analysis were as follows; 

pressure velocity coupling. The post processing was done using fluent, CFD post 

and Microsoft Excel and the process flow diagram for solving the numerical 

equation is shown below. 

 

Table 3-2: Discretization table 

 Chapter 5 Chapter 4 and 6 

Pressure velocity coupling 

scheme 

SIMPLE SIMPLE 

Spatial discretization Least square cell based Least square cell 

based 

Pressure Standard Standard 

Momentum Second order upwind QUICK 

Turbulent kinetic energy Second order upwind QUICK 

Turbulent dissipation energy Second order upwind QUICK 

Reynold stresses Second order upwind QUICK 

Transient formulation First order implict First order implict 
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Figure 3-3 Numerical process flow diagram. 
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Chapter 4 
 

 

 

 

4.0 Evaluation of Turbulence Models and Solution 

Validation 

RSM and LES are well known for producing acceptable results for hydrocyclone 

simulation but are computationally expensive (Delgadillo,2004; Narasimha, 2007; 

Saidi, 2011; Shalaby 2015; Jafari, 2017). Recently, development of many variants 

of k-ε models consider streamline curvatures, wall boundary layers and stress 

transport and so it is imperative to evaluate the use of these k-ε models and the 

transition SST model. The chapter is therefore aimed to:  

• Present the solution procedure of the Eulerian- Lagrangian multiphase 

model and validate the study of the model predictions. 

• Ascertain if any of the different variants of the k-ε models are good enough 

and where and when it can be used for hydrocyclone simulation as any two-

equation model will reduce the computational time significantly.  

• Compare the modelling of flow in hydrocyclone using standard eddy 

viscosity models and eddy viscosity with the introduction of curvature 

correction terms to ascertain the influence of curvature correction terms on 

each of the eddy viscosity models and on hydrocyclone modelling. 

The validation process involves comparing the results of the numerical models 

investigated with published experimental results. The same geometry and fluid 

properties used in the experimental work were used in the numerical analysis. The 

experimental work performed by Hsieh and Rajamani (1986) was used for the 

validation.  

4.1    Turbulence Model     
The turbulence model is a computational procedure used to close the system of 

mean flow equations. In engineering the effect of the turbulence model on mean 

flow is very important. Large eddies in turbulence flow interact and extract energy 



84 

 

from the mean flow while the smaller eddies extract energy from the large eddies 

and weakly from the mean flow thus the kinetic energy in the turbulence flow 

cascades from the larger eddies to the smallest eddies.  

Dissipation of energy is a result of energy loss associated with turbulence flow 

during the cascading progress. The viscosity dictates the smallest scale of motion 

that can occur in turbulence flow therefore the evaluation of the viscous stress is 

important in turbulence flow. The structure of large eddies is highly directional 

(anisotropic) due to strong interaction with the mean flow while the small eddies 

are non-directional (isotropic). The way the small eddies is being evaluated makes 

the difference in the turbulence models. The flow in the hydrocyclone is considered 

anisotropy. 

The finite volume discretization method in CFD solver 18.1 was used to numerically 

solve the multiphase flow governing equations and closure models. The flow in the 

cyclone is considered turbulence therefore the specific closure equations and 

modelling approaches for continuous and dispersed flow phase stress and 

interfacial momentum transfer were investigated.  

In fluent there are three different k-ε multiphase models, these models include 

standard k-ε (STD k-ε), renormalization k-ε (RNG k-ε) and realizable k-ε. All these 

models have similar transport equations for the turbulence kinetic energy (k) and 

rate of dissipation (ε) but tend to differ in the method used for calculating turbulent 

viscosity, the turbulence prandtl number governing the turbulent diffusion of k-ε 

and how terms in rate of diffusion are being generated and destroyed. The 

transition shear stress model (SST) combines the near wall region of k-ω model 

with the free stream independency of the k-ε model to predict the onset and the 

amount of flow separation under high adverse pressure gradients. The eddy 

viscosity modification in the transition SST model is only applicable at the near 

wall while the original k-ω formulation is used for the remaining part of the flow 

(Menter, 1994). 

There are several drawbacks with k-ε models and transition SST model when they 

predict complex strain fields and significant body forces. In cases like this, the 

second moment closure model also known as the Reynold stress model (RSM) is 

preferred. The RSM provides the exact Reynolds stress transport equation that can 

account for the directional effect of the Reynolds stress field, it accounts for swirl, 



85 

 

curvature, rotation and changes in strain more rigorously than any other RANS 

equation models. 

The numerical models investigated in the present study are standard k-ε, 

renormalization k-ε, realizable k-ε models, transition SST model (eddy viscosity 

models) and the Reynolds Stress Model for continuous (liquid) and dispersed 

(solid) flow turbulence. The first set of simulations involve the use of eddy viscosity 

models without incorporating curvature while the second sets of simulations 

involve the use of the eddy viscosity models with the use of curvature correction 

terms.  

4.2   Hydrocyclone Geometry 

The hydrocyclone operates based on the principle of centrifugal force; the fluid 

enters the cyclone tangentially via the inlet into the cylindrical section generating 

a swirl flow which create the centrifugal force needed to separate the solid particles 

from produced water by moving particles denser than produced water to the wall 

of the cyclone and the less dense particles to the centre core region of the cyclone. 

The denser particles move to the wall of the cyclone and are discharged via the 

underflow/spigot section while the lighter particles at the core region of the cyclone 

are discharged via the overflow/vortex finder; the hydrocyclone has two outlets, 

the spigot/underflow and the overflow/vortex finder. The geometry used for the 

model analysis is shown in table 4-1 below 

Table 4-1: Hydrocyclone Geometry 

Parameter Symbol Size  

Diameter of the cyclone body Dc 75mm 

Size of Inlet Di 22.16mm x 22.16mm 

Diameter of the vortex finder Do 25mm 

Insertion depth of the vortex finder Lv 50mm 

Length of the cylindrical part Lc 75mm 

Cone Angle A 20o 

Diameter of the spigot Du 12.5mm 
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4.3    Model Setup 

The model was set using a pressure-based solver with an absolute velocity 

formulation for the transient flow field. Gravity was activated with gravitational 

acceleration set to 9.81m/s2 in the vertical axis, to account for the effect of gravity 

on the cyclone. The continuous and discrete phase was water and CaCO3 

respectively.  CaCO3 was released from the inlet into the continuous phase as an 

inert particle with uniform diameter distribution. The properties of the water and 

CaCO3 used can be seen in table 4-2 below 

 

Table 4-2: Properties of fluid fed into Hydrocyclone 

Property Water CaCO3 

Density (kg/m3) 998.2 2800 

Viscosity (kg/m-s) 0.001003 - 

Thermal Conductivity (W/m-K) 0.6 2.5 

Molecular Weight (Kg/mol) 18.0152 100.09 

Reference Temperature (K) 298 298 

Specific Heat (CP) J/Kg-K 4182 856 

Velocity (m/s) 2.5 2.5 

Concentration (%) (Vol/Vol) 98.14  1.86  
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Figure 4-1: Hydrocyclone Geometry and Boundaries for the 

Computational Domain 

 

4.3.1   Boundary Conditions 

Boundary conditions are required for all computational domains as this helps to 

constrain the flow in order to establish the uniqueness of each flow and direct the 

motion. In the current study, inlet, outlet and wall boundaries are in the 

hydrocyclone computational domain. Figure 4A above shows the boundary 

considered in this computational domain.  

Inlet and Outlet Boundaries 

A= Cone Angle 

LC= Cylindrical length/section  

DI=Inlet Size 

DC=Cyclone Diameter 

LV=Vortex Finder Insertion 

Du= Spigot Diameter 

DO= Vortex Finder Diameter 

Z=1.6DC 

Z=0.8DC 
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A velocity inlet boundary condition was used and velocities of both continuous and 

discrete phases were specified with the assumption of a no-slip shear condition 

between the fluids. The total flow rate of the injection was calculated based on a 

concentration of 1.86% as specified in Hsieh’s experiment seen in the calculation 

below.  

The discrete phase mass flowrate was specified when the particle was injected at 

the inlet, the inlet discrete phase boundary condition was equally set to escape. 

Calculating the actual mass flowrate (M) 

 𝑚= density x velocity x area x concentration of particle  

    = 2800 x 2.5 x 0.00055268 x 0.0186 

    = 0.0719 kg/s 

 

There are two outlets in the hydrocyclone and these outlets are tagged outlet 1 

(vortex finder) and outlet 2 (spigot). An outlet vent boundary condition was used 

for both outlets on the hydrocyclone because the cyclone is to be exposed to the 

atmosphere (therefore back pressure is not considered); zero barg was specified 

as the pressure on both outlets. Outlet-1 (vortex finder) discrete phase boundary 

condition was set to trap while outlet-2 (spigot) discrete phase boundary condition 

was set to escape. 

4.4   Grid Size/ Number 

The hydrocyclone was meshed using ICEM-CFD. For the mesh independence test, 

three different meshes were used. Mesh-1 has 300318 elements and 300357 

nodes while mesh-2 has 406506 elements and 396357 modes and mesh-3 has 

581312 elements and 566064 nodes.  Mesh 1 has a larger grid size than mesh 2 

and 3 with mesh 3 having the smallest sized mesh (finer mesh) . The meshes are 

shown in figure 4-2 below. 

Based on the above setup, simulations were run with the different meshes to 

evaluate the best mesh for the numerical simulations and establish the mesh 

independency of the simulations.  
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Mesh 1 

 

Mesh 2 

 

Mesh 3 

Figure 4-2: Hydrocyclone Meshes with different number of elements and 

nodes 

 

4.5     Results and Discussion  

4.5.1    Mesh Independency test  

Tangential velocity 

The flow in a hydrocyclone is mainly influenced by the tangential velocity 

component of the hydrocyclone thus making tangential velocity an important 

performance index of the hydrocyclone (Jiang, 2019; Liu. 2019). Therefore, one 

of the factors to consider in evaluating grid influence on simulation precision is 

tangential velocity. The tangential velocity profile results when taken at point 

Z=0.8DC, this falls within the cylindrical section (above the vortex finder) and at 

point Z=1.6Dc which falls in the conical section of the cyclone (below the vortex 

finder).  

Figure 4-3 compares the tangential velocities of the RSM model to the experiment 

results using the three types of mesh element and nodes being reviewed. From 

Figure 4-3, it can be seen that the tangential velocity result of mesh 3 corroborates 

well with the experimental result rather than with the other two meshes; while 

mesh two result is better than the result of mesh one. Also, the change in 

tangential velocity from mesh 1 to mesh 2 was quite significant. However, when 

the mesh size was increased from mesh 2 to mesh 3, the tangential velocity change 

was very small (not significant) indicating that mesh independency has been 
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reached and a further increase will further have little or no effect of the velocity 

profile (Jiang, 2019; Liu. 2019).  

The similarity of mesh 3-tangential velocity result to the experimental results 

proves that the RSM model with mesh 3 is good enough for the simulation analysis. 

Mesh one and mesh two can be used for the analysis of flow in a hydrocyclone. 

However, the result will not be as accurate as with mesh 3 when compared to the 

experimental data.  

  

Figure 4-3: Comparison of tangential velocity produced from 

simulations using RSM model with  different  meshes and the 

experimental results 

 

Axial Velocity 

Axial velocity predicts the longitudinal movement of fluid along the axial direction 

of flow. The axial velocity profile of mesh 3 is very close to that of the experiment 

result. This depicts that mesh 3 better predicts the flow in the hydrocyclone rather 

than the other two meshes considered; confirming that the use of a larger number 

of cells leads to a more accurate solution (Martins, 2014).  

Both the axial velocity profiles (mesh 3) in the cylindrical section and in the conical 

show a good corroboration with the experimental data confirming that this 

mesh/grid is good enough for the prediction of flow in this hydrocyclone geometry. 
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Mesh 3 having velocity profile results similar/close to the experimental result 

affirms the use of computation fluid dynamics for hydrocyclone simulation, most 

importantly justifying the use of mesh-3; although mesh 2 and 3 can be used, but 

the accuracy will be reduced. 

 

 

 

 

 

Figure 4-4: Comparison of Axial Velocity produced from the 

simulations using RSM model with different meshes and  the 

experimental results 

 

 

4.6 Turbulence Model Comparison Results and 

discussion of Results  

4.6.1   Tangential Velocity 

Out of the three-dimensional velocities in the hydrocyclone, tangential velocity is 

the most important as it determines the centrifugal force that leads to separation 

in the hydrocyclone and as a result the tangential velocity has the highest value 

among the three velocities. Figure 4.5 compares the tangential velocity of k-ε 
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models without curvature, transition-SST model without curvature, RSM and 

experimental results.  

Figure 4-5 shows that the tangential profile of the RSM model is the closest to the 

experimental profile out of all the RANS equations under consideration. This is 

because only the RSM can be used to accurately model anisotropy flow by directly 

solving all components of Reynold stress tensor (Bianco, 2016). The RSM 

tangential velocity increases from the outer radius to the inner radius and a sharp 

decrease close to the core of the cyclone; which is the trend seen in the 

experimental result.  

It can also be seen from figure 4-5 that the velocity profiles of k-ε models and the 

SST model are different from the RSM and the experimental result with decreasing 

tangential velocity from the outer region to the inner region of the cyclone.  This 

is because the k-ε models are not suitable for resolving flows near the walls; at 

the wall or close to the wall of the hydrocyclone, viscous forces are dominant over 

the turbulence forces, therefore dampening turbulence near the wall (Davis, 

2012). This reveals that eddy viscosity models cannot adequately represent the 

interaction between body forces and turbulence (Leschziner, 1992). The results 

also convey that irrespective of the modifications on eddy viscosity models at 

standard ansys fluent condition, eddy viscosity models are unable to evaluate the 

turbulence flow in a hydrocyclone. The behaviour of the k-ε models’ and SST 

models (eddy viscosity models) in the prediction of tangential velocity flow in the 

hydrocyclone can also be attributed to the assumption of isotropy by the models, 

which does not make provision for the strong curvature/buoyancy- induced 

enhancement on normal stress anisotropy to be captured (Leschziner, 1992) in 

hydrocyclone flow.  

Figure 4-5 shows that the prediction of the flow in the SST model was almost the 

same as the prediction by k-ε models, this is because the SST model is designed 

to account for near wall accuracy and for adverse pressure gradient in-flows 

(Eduardo, 2014; Menter, 1994; Cheng, 2009). The standard transition SST does 

not account for the strong anisotropy flow in the hydrocyclone thus there is a result 

similar to k-ε models in the hydrocyclone 

With the introduction of curvature correction terms into the k-ε models and SST, 

the modelling of the flow in the hydrocyclone greatly improved as shown in figure 

https://www.sciencedirect.com/science/article/pii/B9780444816887500073#!


93 

 

4-6. The Curvature Correction (CC) of each of the models better match the RSM 

model and the experimental model compared to the models with CC (Elliot, 2012).   

In k-ε models and SST, the incorporation of curvature made it possible to account 

for the rotation/ swirl of flow in hydrocyclone. The eddy viscosity in these models 

without CC is accounted for by the eddy viscosity equation below, where  𝐶𝜇 = 1 

(approximately). This means the turbulence kinetic energy has no explicit presence 

in the rotational flow thus is less sensitive to rotational effect (Arolla, 2014). 

 

 

 

 

Figure 4-5: Comparison of Tangential velocity predicted by the k-ε 

models, SST without curvature and RSM with experimental results 

 

In standard eddy viscosity models, the production terms do not contain streamline 

curvature therefore, the model does not respond to streamline curvature.   

𝑉𝑇 =  
𝐶𝜇𝑘

𝜔
         (4-1) 

According to Bradshaw (1973), the curvature correction provides an extra strain 

to the principal strain in the eddy viscosity standard model. The direction of the 

curvature in this flow can be described as concave in nature as it shows an increase 

in the turbulence quantities (Patel, 1997; Elliot, 2012). On a concave surface, the 

angular momentum increases with increasing radial distance from the centre of 

the hydrocyclone (Zhu, 2013) 
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Figure 4-6: Comparison of Tangential velocity predicted by the k-ε 

models, SST with curvature and RSM with experimental results 

 

From figure 4-6, it can be seen that the RSM model corroborates the experimental 

result better than all other RANS models. This shows that irrespective of the 

modification provided on other RANS equations, the RSM model is better in 

predicting in the turbulence in hydrocyclone than the other models. 

 

4.6.2.2  Axial Velocity  

Figure 4-7 shows the axial velocity for k-ε models, SST without curvature with the 

RSM and the experimental data. It can be seen from figure 4-8 that the RSM model 

best predicts the experimental result than the other RANS equation evaluated. The 

deviation of SST and k-ε models from the experiment result is wide and the shape 

of the graph is equally different showing that the k-ε models and SST models do 

not properly predict the axial velocity flow in the hydrocyclone (Meng, 2019; 

Stephens, 2009; Bhaskar, 2007; Delgadillo, 2005). The axial velocity determines 

the separation zone of the cyclone, it acts along the longitudinal axis of the cyclone. 

It can be seen from figure 4-7 that axial velocity is in two parts; at a positive radial 

distance it can be seen that axial velocity decreases to zero value and when that 

radial distance is negative the   
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Figure 4-7: Comparison of Axial velocity predicted by the k-ε models, 

SST without curvature and RSM with experimental results 

 

 

 

 

 

Figure 4-8: Comparison of Axial velocity predicted by the k-ε models, 

SST with curvature and RSM with experimental results 
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axial velocity decreases from the core to the wall.  The area between these two is 

the core where flow reversal takes place. All k-ε models and the SST model present 

a solid body rotation rather than a combined vortex and therefore give an 

unrealistic distribution of axial velocities, thus the core of the cyclone was not 

properly modelled using any of the k-ε models. 

Figure 4-8 is the chart of the k-ε models with curvature correction, SST model with 

curvature correction, RSM and experiment. It can be seen that the introduction of 

the curvature correction factor changes the behaviour of the flow in the 

hydrocyclone as the k-ε models and the SST model results are closer to the RSM 

and experiment results (Stephens, 2019). Although the RSM model still better 

predicts the experimental results, the result of the k-ε models and SST model with 

curvature can also be used for the prediction of hydrocyclone flow. The results of 

the k-ε models and SST model are however not as accurate as the result of the 

RSM model.  

4.6.2.3  Tangential Velocity Contour 

Figure 4-9 and 4-10 show the comparison of the standard, realizable, RNG and 

SST tangential velocity contour without and with curvature correction respectively. 

It can be seen that the velocity contour of the RNG and SST are more pronounced/ 

higher in the hydrocyclone without and with the curvature correction factor 

respectively.  

Figure 4-9 reflects that the eddy viscosity models cannot properly model the 

turbulence in a hydrocyclone with highest velocity seen at or around the wall of 

the cyclone (velocity of a properly modelled turbulence will decrease towards the 

wall). This is because k-ε models & SST generate high turbulence kinetic energy 

and assumes that the flow in the hydrocyclone is isotropic as against anisotropy 

flow in the hydrocyclone. 

However, figure 4-10 includes the use of curvature correction, a great 

improvement in the models were seen. The contour plots reflect a typical 

hydrocyclone Rankine flow with forced vortex around the core region of the cyclone 

and free vortex towards the wall of the cyclone. The difference in the contour plot 

in figure 4-10 can be attributed to the modification in RNG, realizable and SST 

model equations which changes the time average product of the fluctuating 

velocity components (Gao, 2012).  
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 Standard k-ε Realizable RNG SST RSM 

Figure 4-9: Comparison of Tangential velocity of the k-ε models, SST 

without curvature and RSM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Standard k-ε Realizable RNG SST RSM 

Figure 4-10: Comparison of Tangential velocity of the k-ε models, SST 

with curvature and RSM 
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The difference in the velocity contour in figure 4-9 can be attributed to the use of 

different eddy viscosity in evaluating Reynold stresses. In addition to eddy 

viscosity changes, the high tangential velocity seen in the RNG model (without 

curvature) can also be credited to the additional dissipation production rate in the 

RNG equation, this additional dissipation rate was meant to account for the effect 

of anisotropic in turbulence flow (Sukoriansky, 2003). The realizable k-ε model has 

a new transport equation for the dissipation rate derived from the transport of 

mean square vorticity fluctuation.    

The eddy viscosity used for calculating the Reynold stresses differs for each of the 

eddy viscosity models used. In the standard k-ε model and RNG k-ε model at a 

high Reynold number (high Reynold is seen in the hydrocyclone), the coefficient 

of eddy viscosity 𝐶µ is calculated by equation 4-2, however in realizable model 𝐶µ 

is calculated by equation 4-3. 𝐶µ in the realizable model account for the mean 

strain and rotation rates, the angular velocity of the system rotation and the 

turbulence fields. The eddy viscosity of SST on the other hand is calculated using 

equation 4-4 

𝜇𝑡 = 𝜌𝐶µ
𝑘2

𝜀
         (4-2) 

𝐶𝜇 =
1

𝐴0+𝐴𝑠
𝑘𝑈∗

𝜀

         (4-3) 

𝑉𝑡 =
𝑎1𝑘

𝑚𝑎𝑥(𝑎1𝜔; Ω𝐹2)
        (4-4) 

 

4.6.2.4  Axial Velocity Contour  

Figure 4-11 is the axial velocity contour of k-ε models and SST without curvature 

correction, the locus of zero vertical velocity (A) was not clearly def 

 

ined on the contour plots when compared to the RSM. This is because of the 

isotropic assumption in eddy viscosity models, meaning only one scalar velocity 

fluctuation is modelled. This assumption is impracticable for swirling turbulent 

flows and this would suggest that k- ε models are unsuitable for modelling 

turbulence in a hydrocyclone (Saqr, 2009; Dalz, 2015). 
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 Standard kε Realizable RNG SST RSM 

Figure 4-11: Comparison of Axial velocity of the k-ε models, SST 

without curvature and RSM 

   

 

 

 

 

 

 

 

 

 

 

 

 

 Standard k-ε Realizable RNG SST RSM 

Figure 4-12: Comparison of Axial velocity of the k-ε models, SST with 

curvature correction with RSM 
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The axial velocity takes fluid to the overflow or the underflow section of the 

cyclone, therefore the LVZZ (A) runs along the longitudinal section of the cyclone 

as shown on the RSM contour plot. The shortness to non-appearance of the LVZZ 

seen in figure 4-11 reveals that there is a short circuiting of flow in the cyclone 

(leading to unclear direction of flow) with the use of eddy viscosity models (Saqr, 

2009). The SST on the other hand, modifies the boundary conditions; however, 

the result in figure 4-11 does not show a significant change in the boundary flow 

when compared to the other two-equation models. Hence, it can be concluded that 

the flow in the hydrocyclone is fully turbulent at the boundary layer resulting in 

the transition SST model switching to standard k-ω models thus not properly 

modelling the flow at the boundary. 

Figure 4-12 shows a well-developed LZVV in the flow, this indicates that the use 

of curvature correction can model the flow in the hydrocyclone. The realizable 

model profiles match the RSM model contour more than the other models with 

similar LZVV. This also confirms that the use of curvature correction in the two 

equation models can be used in the modelling of the flow in the hydrocyclone and 

this can help the computational time used in modelling flow in a hydrocyclone. 

 

4.6.2.5 Turbulence Kinetic Energy  

The flow in a hydrocyclone is characterised by a strong swirl flow with strong 

streamline curvature. Turbulence kinetic energy (TKE) represents the strength of 

the swirl flow; turbulence kinetic energy is also the mean kinetic energy per unit 

mass associated with eddies in turbulence flow. It is normally characterised by root 

mean square (RMS) velocity fluctuations. Large eddies derive energy from the 

mean flow and energy is transferred from the large eddy to small eddies. In the 

smallest eddies the turbulence energy is converted to internal energy by viscous 

dissipation. Fairly uniform turbulence kinetic energy can be seen in the RSM 

contour plot (figure 4-13) along the body of the cyclone thus showing uniform 

distribution of the Reynold stress in the flow thus a better resolution of flow. This 

is because the RSM resolves directly all components of the Reynold stress tensor 

(Bianco, 2016) and does not use eddy viscosity for its resolution. 

The turbulence kinetic energy of the eddy viscosity models can be seen to be 

unevenly distributed and especially high along the vortex finder. This is because 

the conventional eddy viscosity model used a boussinesq eddy viscosity 
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assumption; the transport equation used is a factor affecting the modelling result 

from standard k-ε models (figure 4-13). Modification to the RNG and realizable k-

ε models transport equations accommodate a large rate of flow deformation 

(Jiyuan Tu, 2013), thus a reduction in the turbulence kinetic energy seen in the 

RNG and realizable model contour when compared to the standard k-ε model. The 

transition SST model is used to model accurate near wall functions in adverse 

pressure gradient flow (Menter, 2006). The eddy viscosity modification in the 

transition SST model is only applicable at the near wall while the original k-ω 

formulation is used for the remaining part of the flow (Menter, 1994) thus high 

turbulence kinetic energy is seen in the vortex finder of the cyclone. It can be 

concluded that the conventional eddy viscosity models cannot predict the effect of 

strong streamlines curvatures in a cyclone (Alahmadi, 2016) 

Figure 4-14 is the contour plot for the k-ε models with curvature correction, SST 

with curvature correction and the RSM model. The application of curvature 

correction to k-ε models and the SST model significantly reduce the turbulence 

kinetic energy in the hydrocyclone. This is because in a rotating body modelled by 

conventional eddy viscosity models like k-ε models and SST models, the eddy 

viscosity coefficient is approximately one. Therefore, without implementation of 

curvature correction, the production term of turbulence kinetic energy is not 

precise hence the turbulence kinetic energy will not be sensitive to rotational effect 

(Arolla, 2014). In curvature correction, a modification is introduced into the 

turbulence production term to compute the Reynold stresses which account for the 

rotational effect thus there is an overall reduction of the turbulence kinetic energy 

as seen on the contour plot (figure 4-14). 
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 Standard k-ε Realizable RNG SST RSM 

Figure 4-13: Comparison of Turbulence kinetic energy of the k-ε 

models, SST without curvature and RSM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Standard k-ε Realizable RNG SST RSM 

Figure 4-14: Comparison of Turbulence kinetic energy in the k-ε 

models, SST with curvature and RSM 
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4.6.2.6 Separation Efficiency  

The hydrocyclone uses centrifugal force to separate particles to the wall of the 

cyclone. This centrifugal is generated from the swirl flow in the hydrocyclone, 

making fluid flow an important component for separation thus making the 

turbulence model used in hydrocyclone modelling very important.  

 

 

 

 

 

Figure 4-15a: Efficiency without 

Curvature Correction 

Figure 4-15b: Efficiency with 

Curvature Correction 

 

Figure 4-15a shows the separation efficiency curve for the turbulence models 

under review (standard k-ε model, realizable k-ε model, renormalization k-ε 

model, transition SST and RSM) without curvature. It can be seen that the RSM 

model efficiency curve is the best compared to the literature (Mokni, 2019; Wei, 

2017; Yang,2010). This further confirms the superiority of the RSM model in 

modelling anisotropy turbulence flow. With the use of conventional eddy viscosity 

models without curvature correction terms, the efficiency curve of RNG is better 

than the standard k-ε model. Standard k-ε model efficiency outperforms both the 

realizable and transition SST model.  

Figure 4-15b shows the separation efficiency for the turbulence model with the use 

of curvature correction terms. It can be seen that the gap between the efficiency 
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of the RSM and other models closed up with the introduction of curvature 

correction term into the simulations. The RSM provides better efficiency than other 

models while the efficiency of the eddy viscosity models can be ranked from best 

to worse as follows: SST, RNG, realizable and standard k-ε model.  

 

4.6.2.7   Split ratio  

 

 

 

 

Figure 4-16a: Split ratio without 

Curvature Correction 

Figure 4-16b: Split ratio with 

Curvature Correction 

 

The split ratio is an important factor that predicts the separation of particles from 

produced water. The split ratio gives us the idea of the percentage of the flow that 

will be seen at the overflow and the underflow sections and is often described in 

terms of the percentage of flow expected in the discrete section of the cyclone. In 

this section the split ratio is define as the ratio of the of underflow mass flowrate 

to the inlet mass flowrate 

𝑆𝑝𝑙𝑖𝑡 𝑟𝑎𝑡𝑖𝑜 =
𝑈𝑢𝑛𝑑𝑒𝑟𝑓𝑙𝑜𝑤

𝑈𝑖𝑛𝑙𝑒𝑡
 

Figure 4-16 is the chart of the split ratio of the turbulence models taken between 

the inlet and the underflow section of the cyclone. Underflow was used as the 

reference because the higher density particles (CaCO3) are expected to report to 
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the underflow section while the lower density particle (water) will report to the 

overflow of the cyclone. Split ratio reflects the percentage of the inlet fluid going 

to the underflow.  

It can be seen that more of the fluid reports to the underflow section of the cyclone 

with the use of the standard k-ε model and the smallest split ratio was seen in the 

RSM. This is contrary to the literature which states that increasing split ratio is 

expected to lead to an increase in efficiency (Yuan, 2015; Jian-Feng, 2016). This 

is because the comparison split ratio should be considered when analysing flow 

with same turbulence model rather than flow analysis with different turbulence 

models. Flow in turbulence models is reviewed using different equations thus 

leading to different split ratios and cannot be directly related to the overall 

performance of the hydrocyclone.  

Comparing the split ratio of each of the models (i.e with and without curvature 

correction terms), it can be seen that the split ratio of the model without curvature 

is higher than the split ratio of the same model with curvature correction terms for 

all the eddy viscosity turbulence models. 

4.6.2.8   Pressure drop 

 

 

 

 

Figure 4-17a: Pressure drop 

without Curvature Correction 

Figure 4-17b: Pressure drop with 

Curvature Correction 
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From figure 4-17a, the pressure drop in the RSM model is higher than that of the 

eddy viscosity models. This means that use of RSM model to predict flow in a 

hydrocyclone led to more energy loss, the higher the energy loss is said to lead to 

greater separation efficiency (Priestman, 2006). 

Studies have also shown that increasing pressure drop increases the separation 

efficiency (Bicalho, 2012) until an optima pressure drop is attained after which a 

further increase will cause a decrease in the efficiency of the hydrocyclone. The 

huge difference between the pressure drop of eddy viscosity and the RSM shows 

that the equations solved for the turbulence model affect the energy required for 

the simulation. RSM pressure drop can be linked to the direct resolution of the 

Reynold stress tensors. 

The pressure drop of the standard eddy viscosity models are considerably smaller 

compared to the eddy viscosity model with curvature correction where the 

pressure drop was seen to increase considerably indicating that the production 

terms introduced into via curvature correction terms required more energy to 

generate a swirl flow than when conventional/ standard eddy viscosity models are 

used. 

4.6.2.9  Image of Swirl Strength at the Vortex Core Region at 0.01 

 

 

 

 

 

 

 

 

 

 

Standard k-ε Realizable RNG SST RSM 

Figure 4-18: Swirl Strength of 0.01 at the vortex core region (without 

curvature correction terms) 
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Swirling strength is an effective vortex indicator in wall turbulence, vortex size 

increases inversely with the threshold used for growing the vortex region from 

background turbulence (Chen, 2018). The swirling strength criterion has been 

proven to be effective and efficient in wall turbulence 

The appropriate model to be used for any analysis depends on the swirl strength 

that is to be encountered, for weak to moderate swirl, standard k-ε model, 

realizable k-ε model and RNG can be used (Fluent 2016, Mulu, 2015). However, 

with high swirl strength the RSM model is the most appropriate RANS equation to 

be used. From figure 4-19, it can be seen that little to no-vortices/ flow pattern 

appear on the chart of the standard k-ε model, realizable k-ε model and SST model 

plot, this indicates low flow separation as the vortices promote flow separation as 

fluid is transported (Rosenfeld, 1995; Johnson, 1989).  

Swirl effect modification on the RNG enhances the swirl flow thus the swirl effect 

that can be seen on the RNG model. The SST on the other hand combines the near 

wall region of the k-ω model with the free stream independency of a k-ε model to 

predict the onset and the amount of flow separation under high adverse pressure 

gradients, thus having little effect of the swirl in the flow. A realizable model does 

not include swirl effect and changes to the viscosity constant and the production 

term in the dissipation equation has little effect of the swirl thus the slight change 

in the model compared to the standard k-ε model. The RSM accounts for the effect 

of streamline curvature, swirl, raid changes in strain and anisotropy of turbulence 

stress, therefore, is able to account for the accurate flow pattern and vortices of 

the flow in the hydrocyclone (Mulu, 2015). 

Figure 4-19 is the swirl strength around the vortex core when the curvature 

correction term was introduced to the eddy viscosity models. This is used to modify 

the turbulence production terms in the eddy viscosity models’ equations. The flow 

pattern of the models improves with more pronounced vortices and is also similar 

to the RSM model flow pattern. The RNG and transition SST plot differs lightly 

because the RNG and transition SST already include swirl effect and therefore the 

use of curvature correction should be with caution (Fluent, 2016) 

 

 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Rosenfeld%2C+Moshe
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Standard k-ε Realizable RNG SST RSM 

Figure 4-19: Swirl Strength of 0.01 in the vortex core region (with 

curvature correction terms) 

 

4.7 Summary of Turbulence Models and CFD Validation  
This chapter evaluates the mesh independency of the result of the hydrocyclone 

fluid flow analysis using three different meshes. It also confirms the competency 

of the use of computation fluid analysis in hydrocele simulation. The appropriate 

RANS turbulence model was also evaluated by comparing the results of eddy 

viscosity models (standard k-ε models, realizable k-ε models, Renormalization k-

ε models, transition shear stress transport equation) to the experiment and RSM 

model results. The influence curvature correction term to the eddy viscosity models 

were also reviewed and compared to the experimental and RSM model results.  

The mesh independency analysis reveals that with the use of mesh-3, no 

significant change of result will be experienced due to mesh size and that 

computational fluid dynamics can accurately predict the flow in hydrocyclone.  

The turbulence model analysis result shows that the RSM model performs better 

than the eddy viscosity models with and without curvature correction terms.  

The use of curvature correction terms in eddy viscosity models was also seen to 

improve the fluid flow and separation of particles in the hydrocyclone. Without the 
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use of curvature correction terms, conventional RNG model performance was 

better than the standard, realizable k-ε models and transition SST model. With the 

use curvature correction terms, RNG and transition SST results are closer to that 

of RSM and the experimental result than the realizable and standard k-ε models.  

It can therefore be concluded that for a good accurate result, the RSM is the best 

model among the models analysed. However, for a preliminary analysis any of the 

eddy viscosity models can be used with the incorporation of curvature correction 

terms with emphasis on the SST and RNG models. 
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5.0 Comparing the effect of hydrocyclone 
geometrical parameters on the separation 
of particles and flow of fluid parameters in 
hydrocyclone 

 

 

 

 

 

The geometry is one of the main determinants of the effectiveness and efficiency 

of the hydrocyclone, thus improvement to the hydrocyclone can be achieved by 

adjusting the geometrical parameters. This chapter investigates the effect of 

various geometry parameters on particle separation and fluid flow in the 

hydrocyclone. A detailed understanding of the flow structure is essential for proper 

design, design modifications, and improving the efficiency and effectiveness of the 

hydrocyclone. The use of computational studies to evaluate hydrocyclone flow is 

generally limited to low particle concentration and simplified geometry of the 

hydrocyclone (Motsamai, 2015). The drivers of modelling hydrocyclone flow 

behaviour are the complex flow structure, interaction between particles and the 

formation of air-core for hydrocyclone open to the atmosphere. Previous studies 

of hydrocyclone have shown that a 3D model (Motsamai, 2015) better analyses 

the flow field in the hydrocyclone and the accuracy of the hydrocyclone model since 

the flow inside the hydrocyclone is a three-dimensional swirling flow restricted to 

cylindrical and conical geometry. Therefore, a 3D model was used for the 

simulation analysis carried out in this chapter.  

The hydrocyclone geometrical dimensions were changed around a reference 

geometry; in this chapter, the reference geometry has been referred to as the 

base geometry. The same flowrate/flow parameters were used for all the 

simulations. The properties of the water and CaCO3 used can be seen in table 5-1 

below. 
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Table 5-1: Properties of Fluid in hydrocyclone 

Property Water CaCO3 

Density (kg/m3) 998.2 2800 

Viscosity (kg/m-s) 0.001003 - 

Thermal Conductivity (W/m-K) 0.6 2.5 

Molecular Weight (kg/mol) 18.0152 100.09 

Reference Temperature (K) 298 298 

Specific Heat (CP) J/Kg-K 4182 856 

Velocity (m/s) 2.5 2.5 

Concentration (%) (Vol/Vol) 98.14  1.86  

 

The simulation models were set using a pressure-based solver with absolute 

velocity formulation for the transient flow field. The gravity was activated with 

gravitational acceleration set to 9.81m/s2 in the vertical axis to account for the 

effect of gravity on the cyclone. Water was used as the continuous phase while 

CaCO3 was the discrete phase (solid). The CaCO3 was released from the inlet into 

the continuous phase as an inert particle with uniform diameter distribution. The 

same boundary conditions and solver control used in chapter 4 were used in this 

chapter while the mesh of about 580000 elements was used for all the simulations. 

In this study, the RSM model was used to evaluate the turbulence in the cyclone 

while the DPM model evaluates the particle behaviour. It was observed that a large 

number of iterations were required to stabilize the solution. The outlets were 

exposed to the atmosphere, therefore giving a region of low pressure along the 

axis of the cyclone 

Usually, the flow inside a hydrocyclone is a Rankine vortex (Jordan Ko, 2006; 

Yaojun, 2000; Bing Liu, 2019)   with a combination of two vortices which are the 

forced vortex also known as body rigid rotation and the free vortex known as a 

potential vortex. In the forced vortex the tangential velocity is proportional to the 

radius of the cylindrical section of the hydrocyclone while in the free vortex the 

tangential velocity is inversely proportional to the hydrocyclone cylindrical section. 

How the various geometrical parts affect the generation of the free and forced 
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vortex and properties of fluid flowing in the hydrocyclone are critically reviewed in 

this chapter. 

 

5.1    The Cylindrical Diameter 

The hydrocyclone cylindrical diameter is often referred to as the hydrocyclone 

diameter or hydrocyclone size which can be from 10mm to 2.5m depending on the 

cut size required for hydrocyclone separation. Small cut size usually results in the 

use of smaller diameter hydrocyclone and larger cut size requires the use of larger 

diameter hydrocyclone. Therefore, reducing the hydrocyclone diameter is 

important for improving the separation of smaller particles from the produced 

water. The effect of the cylindrical section on pressure, turbulence kinetic energy, 

velocities and swirl in the hydrocyclone were evaluated. 

Three cylindrical geometries were considered for the hydrocyclone diameter 

evaluation, the base geometric which is 75mm cylindrical geometry, 35mm and 

50mm hydrocyclone diameter.  

Table 5-2: Different Cylindrical Dimension Used 

Parameter Symbol 35mm 50mm Base (75mm) 

Diameter of the cyclone body (mm) Dc 35 50 75 

Size of Inlet (mm) Di 22.16 x 

22.16 

22.16 x 

22.16 

22.16 x 22.16 

Diameter of the vortex finder (mm) Do 12.5 25 25 

Insertion depth of the vortex finder 

(mm) 

Lv 12.5 50 50 

Length of the cylindrical part (mm) Lc 75 75 75 

Cone Angle (o) A 20o 20o 20o 

Diameter of the spigot (mm) Du 12.5 12.5 12.5 
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Figure 5-1: Hydrocyclone Geometrical Parts 

 

5.2  Result and Discussion of results 

5.2.1   Turbulence Kinetic Energy 

The turbulence in a cyclone is an important factor in determining the structure of 

flow and the motion of particles in the cyclone. There are not many experimental 

results on the turbulence in a cyclone because it is difficult to measure the 

pulsating velocities in the cyclone thus the analysis in the section will be based on 

existing theories and literature. Figure 5a is the contour of the turbulence kinetic 

energy for the cylindrical diameter being evaluated. It can be seen that highest 

turbulence kinetic energy is at the lower end of the vortex finder where the flow 

turns and the velocity gradient is very large (Matvienko, 2004). The turbulence is 

carried from the lower end of the vortex finder by convention and gradually decays 

towards the lower parts of the hydrocyclone. Figure 5a also shows that the 

turbulence is also high at the lower end of the hydrocyclone towards the spigot 
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section, this is as a result of the resistance to flow due to the diameter of the spigot 

leading to more resistance in flow and consequently increasing interparticle 

collisions which increase turbulence and friction within this area of the cyclone 

(Cavex, 2016).  

The turbulence kinetic energy of a 50mm hydrocyclone has higher turbulence at 

the lower end of the vortex finder than the 35mm and the 75mm hydrocyclone 

because the turbulence flow is not well distributed in the hydrocyclone as is the 

case of the 35mm and 75mm hydrocyclone. Based on the distribution of the 

turbulence kinetic energy flow in the hydrocyclone, the efficiency of the 

hydrocyclone can be predicted with the most evenly distributed turbulence kinetic 

energy giving better efficiency than the others; turbulence dispersion has been 

found to have a great effect particle separation; Zaman, 2016. Therefore, the 

separation efficiency of the 35mm and 75mm hydrocyclone are expected to 

outperform the efficiency of the 50mm hydrocyclone.  

Figure 5b gives a better insight into how the turbulence kinetic energy changes 

from the cylindrical to the conical section of the hydrocyclone. The 50mm 

cylindrical cyclone was seen to have a very high turbulence kinetic energy in the 

cylindrical section and across the radial distance of the hydrocyclone when 

compared to the 35mm and the 75mm hydrocyclone. This can be attributed to the 

ratio of the hydrocyclone diameter to the vortex finder diameter. A 50mm 

hydrocyclone with a 25mm diameter vortex finder is considered too large for the 

cyclone diameter, as there is an optimum ratio of the inlet head diameter, vortex 

finder and spigot diameter to the hydrocyclone diameter (Kumar, 2018). 

Decreasing the vortex finder diameter to 12.5mm as the hydrocyclone cylindrical 

diameter is almost halved (35mm) was seen to improve hydrocyclone 

performance, this is consistent with the experimental result of Elsayed, 2013. The 

turbulence kinetic energy in the conical section tends to behave differently with 

increasing cylindrical size yielding higher turbulence kinetic energy. This is because 

the size of the conical section remains constant for the three hydrocyclones. 

It is, therefore, safe to conclude that increasing the cylindrical diameter of the 

hydrocyclone increases the turbulence kinetic energy in the hydrocyclone 

especially in the conical section of the hydrocyclone. In the cylindrical section, 
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however, this turbulence kinetic energy depends on the ratio of the cyclone 

diameter to the vortex finder diameter.  

 

 

 

  

 

 

 

  

 

  

 

  

Figure 5-2a: 35mm 

Cylindrical Section 

Figure 5-2b: 50mm 

Cylindrical Section 

Figure 5-2c: 75mm 

Cylindrical Section 

Figure 5-2: Turbulence Kinetic Energy contour plots 

 

 

 

 

Figure 5-3a: Turbulence Kinetic Energy 

graph taken in the cylindrical section 

Figure 5-3b: Turbulence Kinetic Energy 

graph taken  in the conical section 

Figure 5-3 Turbulence Kinetic Energy at different cylindrical diameters 
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5.2.2   Tangential Velocity 

According to Jiang L. (2019), tangential velocity directly determines the strength 

of the centrifugal force which is the driving force for phase separation and a very 

important factor in evaluating hydrocyclone performance. The centrifugal force 

acting on a particle (p) with density (ρp) moving with a velocity at radius r and 

tangential velocity 𝑈𝜃𝑝 is given by the equation 1 below 

𝐹𝑐 = (𝜌𝑝 − 𝜌𝑙)
𝜋𝑑𝑝

3

6

𝑈𝜃𝑝
2

𝑟
        (1) 

Therefore, it can be said that the centrifugal force is directly proportional to the 

tangential velocity. In a hydrocyclone, a higher centrifugal force leads to better 

separation. The flow field in figure 5-4 shows the expected forced/free combination 

of Rankine type of vortex which is expected in a hydrocyclone. However, the 

change in tangential velocity distribution along the axial length (cylindrical and 

conical section) is minimal with the velocity in the cylindrical section, not more 

than 0.5m/s velocity in the conical section.  

An increase in cyclone diameter is seen to have a direct impact on the hydrocyclone 

tangential velocity as the tangential velocity decreases with the decreasing cyclone 

diameter. Studies have (Jiang, 2019) shown that higher tangential velocity 

improves the separation of particles in a control volume, but this analysis is only 

valid for cyclones with similar body size (Ghodrat, 2013). The current studies 

reveal that increasing the cyclone diameter increases the tangential velocity 

(Chaware, 2017; Ghodrat, 2013). Chaware, 2017 revealed that tangential velocity 

in a pipe with turbulence flow increases with the distance from the centre of the 

pipe. This is attributed to the intensity of the swirl increasing with the cyclone 

cylindrical diameter which is influenced by the Reynold number (the Reynold 

number is proportional to the cyclone diameter) if the flow is not fully developed. 

This can also be explained using the concept of the circulation in axisymmetric 

swirling flow of an incompressible fluid which is given by equation 2 below with the 

latter being the most likely.  

 

Γ ≡ ∬
𝑆

(Ω 𝑥 𝑛)𝑑𝑆 = 2𝜋𝑟𝑣𝑡      (2) 

 

Where  
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Γ = Swirl Intensity 

𝑆 = Cross sectional area 

Ω = Vorticity Vector 

𝑛 = Unit normal vector to S 

 𝑣𝑡 = Tangential velocity 

𝑟 = Pipe radius 

 

Figure 5-4c to 5-4e shows the contour for the tangential velocity for the cylindrical 

sections reviewed and it can be seen that tangential velocity increases across the 

cyclone as the cyclone size increases. This can be attributed to the decreasing 

radius leading to decrease in tangential velocity (Concha,2007; Lozia, 2007).  The 

tangential velocity below the vortex finder can be related to the radius using 

equation 2a below given by Kelsall, 1958. V is the tangential velocity, r is the 

radius, K is a constant and 0<n<1 

 

𝑉𝜃𝑟𝑛 = 𝐾         (3) 

The maximum tangential velocity within the cyclone is also seen to exceed the 

cyclone inlet velocity (Lozia, 2007). 

 

 

 

 

 

Figure 5-4a: Tangential Velocity in 

the cylindrical section 

Figure 5-4b: Tangential Velocity in the 

conical section 

Figure 5-4: Tangential velocity in the cylindrical and conical sections 
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Fig 5-4c: 35mm 

Cylindrical Section 

Fig 5-4d: 50mm 

Cylindrical Section 

Fig 5-4e: 75mm 

Cylindrical Section 

Tangential Velocity Contour 

 

5.2.3    Axial Velocity 

This is the velocity that is responsible for taking particles to the outlets of the 

hydrocyclone. The particles near the wall, flow axially to the underflow while the 

material near the centre of the cyclone moves radially towards the overflow. From 

figure 5-5a and b the smaller the diameter of the cyclone the higher the axial 

velocity in both the inner and outer regions (Azadi, 2010).  

In the cylindrical section, a 75mm hydrocyclone has a high positive axial velocity 

of up to 2.6m/s while the 50mm result shows a positive axial velocity of about 

1.97m/s and the 35mm shows a positive axial velocity of about 0.6m/s. This shows 

that the secondary vortices in the cylindrical part of the 75mm hydrocyclone are 

more than the 50mm and 35mm hydrocyclones and more of the particles are likely 

to move to the overflow in the cylindrical section of a 75mm hydrocyclone than in 

the other two diameters considered. This can be ascribed to the fact that when the 
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same fluid velocity that flows into the smaller cyclone comes into the larger 

cyclone, there is a smaller velocity gradient in the cyclone. Fluid motion at smaller 

scales eddies is associated with large velocity gradients and correspondingly large 

shear stress (Doran, 2013).  

An increase in shear stress increases the volume of smaller eddies and therefore 

we have more smaller eddies going towards the overflow in the 75mm cylindrical 

section of the cyclone than in the 50mm and 35mm cylindrical hydrocyclones. It 

can be seen that the axial velocity in the conical section is lower than that of the 

cylindrical section, showing that the speed of movement of fluid to the overflow is 

higher than cylindrical than in the conical section. This is attributed to the lower 

fluid separation in the cylindrical section thus lowering drag in the cylindrical 

section. A reduction in the axial velocity at the core region indicates that the 

pressure at the central region is lower than the external pressure (Jiang, 2019). 

Looking at the axial velocity contour along the vertical section of the cyclone 

(shown in figure 5-5c to 5-5e), it can be seen that the 35mm cylindrical diameter 

hydrocyclone has lower axial velocity in the core region compared to the 50mm 

and the 75mm hydrocyclones. This is because more fluids are separated to the 

wall of the cyclone and therefore reducing the particles movement to the core 

region of the cyclone. It also reflects that the locus of zero vertical velocity (point 

C) spread is larger in the 50mm diameter hydrocyclone showing that more 

particles have the tendency of moving to the core region and being carried to the 

overflow when compared with the 35mm and 75mm diameter hydrocyclones. 

 

 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/B9780122208515000071?via%3Dihub#!
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Figure 5-5a: Axial Velocity at Z=0.8Dc Figure 5-5b: Axial Velocity at Z=1.6Dc 

Figure 5-5a to b: Axial Velocity in the cylindrical and conical section 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5-5c: 35mm 

Cylindrical Diameter 

Fig 5-5d: 50mm 

Cylindrical Diameter 

Fig 5-5e: 75mm 

Cylindrical Diameter 
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5.1.4    Radial Velocity 

 

 

 

 

Figure 5-6a: Axial Velocity at 

Z=0.8Dc (Cylindrical section) 

Figure 5-6b: Axial Velocity at 

Z=1.6Dc (Conical section) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5-6c: 35mm 

Cylindrical Section 

Fig 5-6d: 50mm 

Cylindrical Section 

Fig 5-6e: 75mm 

Cylindrical Section 
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The experimental results of Hsieh, 1998 show that the radial velocity is very small 

compared to tangential and axial velocity magnitude but from Figure 5-6a and b 

above the radial velocity seems to be slightly less than the tangential velocity and 

more than the axial velocity showing that computational fluid dynamics over 

predict the axial velocity in a hydrocyclone. Other authors like Zhu G (2010) and 

Utikar (2010) among others have reported this. 

What can be seen however is that the radial velocity is positive on one side and 

negative on the other which can be attributed to the non-symmetrical nature of 

conventional tangential inlet of the hydrocyclone (Utikar, 2010).  In both the 

cylindrical and the conical sections of the hydrocyclone, the radial velocities 

increase towards the vortex finder (Muschelknautz, 1972). Outside the vortex 

finder, the cyclone was seen to have an inward or negative radial velocity. The 

radial velocity along the central region is zero because of the effect of the 

centrifugal force around the vortex finder and the formation of the core in the 

central part of the hydrocyclone. Increasing the cyclone diameter increases the 

value of the radial velocity.  

The radial velocity contour shown in figure 5-6c to 5-6e shows that the radial 

velocity calculated using computational fluid dynamics have both inward and 

outward velocities. Below the vortex finder, the radial velocities were inward 

pointing in the outer region, while the region along the centre line alternates in 

direction down the axis (Zhu, 2010). The alternation of the radial velocity along 

the centre line can be attributed to the asymmetric vortex flow inside the 

hydrocyclones. 

5.2.4   Pressure Profile 

Figures 5-7 and 5-8 show that increasing hydrocyclone diameter increases the 

pressure in the cyclone with the pressure drop in a 75mm cyclone higher than that 

of the 50mm and 35mm hydrocyclones. This can be explained using the pressure 

drop equation in hydrocyclones given by Svarosky. 

∆𝑃 = 𝐸𝑢. (
𝜌𝑣2

2
⁄ )        (4) 
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The pressure drop is directly related to the velocity in the fluid and since it has 

been established that the tangential velocity increases with increasing cyclone 

diameter, then as expected and based on the equation above, the pressure 

behaviour in figures 5-7 and 5-8 are in line with the theories.  

The static pressure and the pressure chart also show that pressure increases along 

the radial direction from the cyclone centre with a maximum pressure variation 

domain seen in the 75mm cyclone (Ghodrat, 2013). A clearly defined air-core can 

also be seen as the pressure at the centre of the cyclone is 0 barg which is 

equivalent to the atmospheric pressure and this is clearly visible in the static 

pressure contours.  

5.2.5   Pressure Drop 

The pressure drop was evaluated using the pressure at the inlet and the pressure 

at the overflow of the cyclone, with pressure at the overflow subtracted from the 

pressure at the inlet. As the hydrocyclone diameter increases, the pressure drop 

in the hydrocyclone equally increases. From the literature, increase in pressure is 

expected to increase the separation efficiency although after an optima pressure 

drop is attained; Svarosky (2000) stated a pressure drop of 0.34 to 24bar, but 

studies have further shown that 0.34 to 6 bar will give optima separation. The 

result in figure 5-7f shows that a pressure drop can be related to efficiency for 

hydrocyclones of the same geometry. 
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Pressure Profile 

 

 

 

 

Figure 5-7a: Pressure along the 

cyclone at Z=0.8Dc (Cylindrical 

section) 

Figure 5-7b: Pressure along the 

cyclone at Z=1.6Dc (Conical 

section) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5-7c: Static 

Contour at 35mm 

Diameter 

Fig 5-7d: Static 

Contour at 50mm 

Diameter 

Fig 5-7e: Static 

Contour at  75mm 

Diameter 

-20,000

-10,000

0

10,000

20,000

30,000

40,000

50,000

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

P
re

ss
u

re
 (

P
a)

Radial distance (m)

35mm Cylindrical Section 50mm Cylindrical Section
75mm Cylindrical Section

-30,000

-20,000

-10,000

0

10,000

20,000

30,000

40,000

50,000

-0.04 -0.02 0.00 0.02 0.04

P
re

ss
u

re
 (

P
a)

Radial distance (m)

35mm Cylindrical Section 50mm Cylindrical Section
75mm Cylindrical Section



125 

 

It can also be credited to the influence of the cyclone cylindrical diameter on the 

velocity; with decreasing diameter, the velocity increases, therefore, increasing 

the Reynold number which consequently influences the pressure drop in the 

cyclone. The relationship between the pressure drop in the cyclone and the 

Reynold number can be evaluated by the equations below. 

∆𝑃 = 𝐸𝑢. (
𝜌𝑣2

2
⁄ )        (4) 

𝐸𝑢 = 71 (
𝐷𝑖

𝐷⁄ )
−1.30

𝑅𝑒0.116𝑒𝑥𝑝−2.12𝑐      (4-i) 

𝑅𝑒 =
𝑣𝐷𝜌

𝜇⁄          (4-ii) 

 

 
Figure 5-7f: Pressure drop in hydrocyclone with different cylindrical 

diameter 

5.2.6  Particle Tracking  

A very important means of evaluating the separation efficiency in a hydrocyclone 

is by tracking the particles at the overflow of the cyclone (Jiang,2019; Mousavian, 

2008). Figures 5-8a to 5-8c tracked 700 particles (but showed 25 particles) at 

different particle sizes 5µm, 10µm and 30µm to evaluate how hydrocyclone 

cylindrical size affect the separation efficiency of different particle sizes. It can be 

seen from figure 5-8 that increasing the particles size decreases the number of 

particles at the overflow irrespective of the cyclone diameter. Larger particles 
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produced better separation in a hydrocyclone thus the larger the particle in a 

hydrocyclone the more the separation/ efficiency (Liu, 2016; Tang, 2018). 

However, with increasing cyclone diameter, the number of particles tracked in the 

35mm and 75mm hydrocyclone was quite low compared with the 50mm 

hydrocyclone, showing the 35mm and the 75mm diameter hydrocyclone give 

better separation than the 50mm hydrocyclone. 

The efficiency of the 35mm hydrocyclone can be credited to the overall reduction 

in the cyclone dimension (inlet and cyclone diameter). With reduction in cyclone 

diameter alone as seen in the 50mm hydrocyclone, the separation efficiency was 

seen to be slightly hindered, indicating that changing the hydrocyclone diameter 

will only improve efficiency if the cyclone diameter is proportional to the other 

dimensions of the hydrocyclone. 
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Fig 5-8a: 35mm 

Particle Tracking 

Fig 5-8b: 

50mm Particle 

Tracking 

Fig 5-8c: 75mm 

Particle 

Tracking 
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5.3  Vortex Finder Depth 

Studies (Elsayed, 2013; Bakari, 1998) have shown that the length of the vortex 

finder can greatly affect the hydrocyclone flow field and strongly affect 

hydrocyclone performance parameters. The vortex finder length can reduce back 

mixing losses due to the Bernoulli effect and particle bounce. Use of a vortex finder 

can also reduce the re-entrainment of particles into the overflow stream and 

equally prevent ''short-circuit'' generation at the top section of the hydrocyclone 

close to the inlet and the overflow upper exit (Martınez 2006) 

In this study, three different vortex finder depths in the cyclone were compared to 

evaluate the effect of vortex finder depth on the fluid flow in the hydrocyclone. 

The dimension of the hydrocyclone with the vortex finder is as shown in Table 5-3 

below. In table 5-3 below, only the vortex finder changed while other geometrical 

dimensions remain constant. 

Table 5-3: Hydrocyclone with different Vortex Finder Dimension 

Parameter Symbol 0mm 10mm 25mm 50mm 

Cyclone cylindrical diameter (mm) Dc 75 75 75 75 

Size of Inlet (mm) Di 22.16 x 

22.16 

22.16 x 

22.16 

22.16 x 

22.16 

22.16 x 

22.16 

Vortex finder diameter (mm) Do 25 25 25 25 

Vortex finder length (mm) Lv 0 10 25 50 

Length of the cylindrical part (mm) Lc 75 75 75 75 

Cone Angle (o) A 20o 20o 20o 20o 

Diameter of the spigot (mm) Du 12.5 12.5 12.5 12.5 

 

5.3.1  Results and Discussion of Results 

Figure 5-9a and figure 5-9b show that increasing the vortex finder length increases 

the tangential velocity most especially in the cylindrical section of the cyclone 
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where all the tangential velocities show a typical Rankine profile. Longer vortex 

finder depth has a higher velocity at the free vortex region than in smaller vortex 

finder cyclones (50mm>25mm>10mm>0mm) while the forced vortex region of 

the smaller vortex finder has higher velocity than the longer vortex finder cyclone 

(50mm<25mm<10mm<0mm). This is because a reduction in the vortex finder 

length reduces the swirl flow in the hydrocyclone and consequently a reduction in 

the tangential velocity and the vortices. The vortex core of the cyclone and the 

corresponding swirling turbulence controls the tangential velocity distribution in 

the hydrocyclone (Farokhi, 1998). Because of the higher tangential velocity in 

longer vortex finder, it is expected that the separation efficiency of the longer 

vortex finder will be higher than the shorter vortex finder. 

The tangential velocity contour (figure 5-9c) shows that increasing the vortex 

finder length increases the tangential velocity (Yohana, 2018) most especially 

around the core / centre of the hydrocyclone. However, the pressure at the centre 

of the cyclone reduces more with increasing vortex finder. The contour plot also 

shows that there is a Rankine vortex in the cyclones with the tangential velocity 

being divided into the inner zone or quasi vortex flow surrounded by an outer zone 

or quasi-free vortex finder (Yohana, 2018; Hoffman, 2008; Peng 2002). 

 

 

 

 

Figure 5-9a: Tangential velocity at 

Z=0.8DC 

Figure 5-9b: Tangential velocity at 

Z=1.6DC 
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0 mm VF 

 

 

10mm VF 

 

 

25mm VF 

 

 

50mm VF 

Figure 5-9c : Tangential Velocity Contour at different vortex finder 

length 

5.3.2   Axial Velocity  

Axial velocity is one of the ways in which particle separation can be evaluated as 

the flow is moved upwards and downwards in the hydrocyclone. Axial velocity has 

two distinct regions inside the hydrocyclone with net velocity in a different 

direction; the primary vortex zone flow moves downward towards the underflow 

while secondary vortex zone flow spins upwards and takes the fluid/particles into 

the vortex finder. 
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Figure 5-10a: Axial Velocity at 

Z=0.8Dc (cylindrical section) 

Figure 5-10b: Axial Velocity at 

Z=1.6Dc     (conical section) 

 

 

 

 

 

 

 

 

 

 

 Fig: 5-10c: 0 

mm VF 

Fig 5-10d: 

10 mm VF 

Fig 5-10e: 

25 mm VF 

Fig 5-10f:50 

mm VF 

From figure 5-10a and 5-10b, it can be seen that the axial velocity and the 

tangential velocity profile in both the conical and cylindrical sections are of similar 

character (Nemeth, 2011; Kelsall, 1952) with the axial velocity decreasing towards 

in the core region (from the outer vortex region) of the cyclone and increases from 

the wall to the core region of the cyclone (inner vortex region). The low axial 

velocity at the inner vortex region creates circulation flow and induces the particles 
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to suspend or gather in this zone resulting in reduced efficiency (Zhao, 2019).The 

direction of the axial velocity profile in figure 5-10a and 5-10b shows that the 

particle-laden fluid is moving upward, this has a major influence in bringing fluid 

to the overflow of the cyclone and determines the total residence time of fluid and 

the split ratio in the hydrocyclone (Jiang, 2019). Therefore, it can be concluded 

that fluid moves faster above the vortex finder than in the conical section.  

It can be seen from the contour plots in figure 5-10c and 5-10e that the maximum 

and minimum axial velocities were at overflow and underflow respectively. The 

velocity at the centre changes greatly and is quite small compared to the velocity 

at the overflow indicating that the cyclone does not have good potential for 

separating very fine particles (Vakamalla, 2017, Huang, 2017).  

From Figure 5-10c and 5-10e, it can also be seen that the locus of particle that 

can fall into zero vertical velocity (A) is more pronounced as the vortex finder 

length increases. This indicates that more separation takes place with increasing 

depth of vortex finder in the hydrocyclone. The locus of zero vertical velocity is the 

particle imaginary location where underflow and overflow particles are separated; 

fine particles have an orbit smaller than the locus point and coarse particles have 

an orbit greater than the locus point. 

5.3.4   Turbulence Kinetic Energy 

Turbulence flow results in the formation of eddies of different length scale hence 

viscous force is less important than inertial force. Energy is cascaded from large 

to small eddies by these inertial forces thus large-scale flow structures have most 

of the turbulence kinetic energy. The higher the dissipation of the large eddies’ 

energy the lower the turbulence kinetic energy in the flow. 

The contour of the turbulence kinetic energy combined with the graphical analysis 

gives insight into the behaviours of turbulence kinetic energy across the 

hydrocyclone with different vortex finder depth. Figure 5-12a shows the turbulence 

kinetic energy in the cylindrical section of the hydrocyclone while 5-12b shows the 

conical section. The contour plots compare the turbulence across the cyclone for 

the different vortex finders.  
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In the cylindrical section, the longer the depth of the vortex finder depth, the 

narrower the range of the streamline ( the thinner the shape of the turbulence 

kinetic energy) with the exception of the 0mm vortex finder (depth) that does not 

fit the profile. 

The turbulence kinetic energy at the wall is the lowest because the small eddies 

destroy themselves while dissipating energy at the wall, therefore, converting the 

small eddies’ kinetic energy into intermolecular energy. As the flow moves away 

from the wall, free stream energy is converted to large eddies and large eddies to 

the continuous formation of small eddies (Biferale, 2003).  

However, the rate of dissipation of the large eddies into small eddies is affected 

by the depth of the vortex finder and this is because there is a decrease in the 

internal diameter of the cylindrical section due to the diameter of the vortex finder. 

This increases the rate of small eddies production and pressure strain interaction 

(Torbergsen, 1998) thus there is a rapid conversion of large eddy to small eddy 

causing a narrower streamline with longer vortex finder. Since high turbulence 

kinetic energy will mean a reduction in the rate of dissipation, then a cyclone with 

shorter vortex finder has a lower rate of dissipation and thus higher turbulence 

kinetic energy. 

In the conical section, the longer vortex finder cyclone has higher turbulence 

kinetic energy. This is because there is a good distribution of kinetic energy across 

the large and small eddies, starting from the cylindrical to the conical section while 

the shape and width of the distribution remains the same. 

Figure 5-13 shows the turbulence kinetic contours across the cyclone, the 

turbulence kinetic energy is higher close to the vortex finder while low turbulence 

kinetic energy is seen near the wall. Across the axis, the turbulence kinetic energy 

was high and unstable (Valverde 2011, Abdullah, 2003). The distribution of the 

turbulence kinetic energy in the longer vortex finder cyclone implies that more of 

the fine particles will be able to pass to the underflow while the shorter vortex 

finder cyclone will have more of its fine particles moved to the vortex finder (Ficici, 

2010). Although the increased vortex finder improves the distribution of the 

turbulence kinetic energy, when the vortex finder further increases from 25mm to 

50mm, a slight reduction in energy distribution was seen across the cyclone 
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(coupled with decreased TKE energy in the conical section). Thus it can be said 

that there is a maximum vortex finder depth after which a further increase will 

deplete the overall effect of the use of a vortex finder (Martınez, 2007). 

 

 

 

 

Figure 5-12a: Turbulence kinetic 

energy at Z=0.8Dc (Cylindrical 

section) 

Figure 5-12b: Turbulence Kinetic 

energy at Z=1.6Dc (conical 

section) 

 

 

 

 

 

 

 

 

 

 

 

 Fig: 5-13a: 

0 mm VF 

Fig 5-13b: 

10 mm  VF 

Fig 5-13c: 

25 mm VF 

Fig 5-13d: 50 

mm VF 
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5.3.3   Radial Velocity 

For particles to separate in cyclones, radial displacement must occur; the radial 

velocity varies axially from inward to outward and is directed towards the centre 

of the cyclone as shown in figure 5-11a and b. It increases towards the apex, 

therefore, moving lighter density particles to the central region while the larger 

density particles move to the wall of the cyclone thus causing separation. The 

negative values in figure 5a represent the inward radial velocity while the positive 

values show the outward radial velocity showing that the combination of flow 

source and sink are distributed near the axis of the cyclone. 

 

 

 

 

Figure 5-11a: Radial Velocity at Z-

0.8Dc (Cylindrical section of 

cyclone) 

Figure 5-11b: Radial Velocity at 

Z=1.6Dc (Conical section of 

cyclone) 
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 Fig: 5-11c: 0 

mm VF 

Fig 5-11d: 10 

mm VF 

Fig 5-11e: 

25 mm VF 

Fig 5-11f: 50 

mm VF 

Figure 5-11c to 5-11f show the radial velocity contour plot and it can be seen that 

as the vortex length increases in the cyclone, the start of the alternation of the 

radial velocity along the central line lowers showing that the alternation of the 

radial velocity will be more in the shorter vortex finder than in longer ones (Zhu, 

2010). 

5.3.5    Pressure 

The influence of pressure gradient force on hydrocyclone performance has been 

discussed in many studies (Li Ji, 2016; Salimi, 2011; Chen, 2015; Ciller 2002). 

The pressure gradient force is an inward force with a negative value whilst the 

pressure drop in a hydrocyclone is considered a major factor affecting two-phase 

separation in a hydrocyclone. According to Hoffmann (2002), in the absence of a 

pressure recovery device at the outlet of the hydrocyclone, the pressure drop 

across the cyclone is the pressure at the inlet minus the static pressure at the 

outlet; this is expected to give the true dissipative loss between the inlet and the 

measurement point.  
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Figure 5-14a and b below show the pressure distribution across the hydrocyclone, 

the wall pressure increases with the depth of vortex finder, it was also observed 

that the pressure at centre of the cyclone decreases with an increased vortex 

finder. This is because the reduction in the cyclone internal diameter due to the 

vortex finder increases the pressure inside the cyclone hence the higher pressure 

at the wall of the cyclone. The rate of dissipation in the energy increase is due to 

the rapid dissipation of kinetic energy across the cyclone, this accounts for the 

decreased energy at the centre of the cyclone. 

Figure 5-14c is the graph of the pressure drop within the hydrocyclone at different 

vortex finder length. It was observed that the pressure drop increases with the 

increasing length of the vortex finder (Patra, 2018; Wang, 2008). According to 

Svarosky (2000), for separation to take place a minimum of 0.34bar pressure must 

be dropped in the cyclone. Figure 5-14c shows that not less than 0.34bar 

(34000Pa) is a drop in all the vortex finder lengths indicating that even with zero 

insertion of vortex finder into the cyclone cylindrical section, separation will take 

place. Increasing the vortex finder insertion length in the cyclone is therefore used 

to improve the performance of the cyclone (Patra, 2018; Martinez, 2008). The 

pressure drop increases by approximately 5000Pa when the vortex finder length 

increases from 0mm to a 50mm vortex finder. Therefore, increasing the vortex 

finder helps to improve the performance of the cyclone provided the length is 

within the cylindrical section of the cyclone. 

Looking at the contour plot in figure 5-15, the static pressure decreases across the 

radius of the cyclone. Therefore, the pressure drop decreases across the radial 

length of the cyclone while the gradient of pressure increases across the radial 

length (Liang-yin Chu, 2007). At the centre of the cyclone, the pressure was very 

low in the range of negative, indicating that this is the centre core region of the 

cyclone, this also gives an indication that the cyclone is exposed to the 

atmosphere.  

One prominent thing that can be noticed is that although the inlet velocities are 

the same for all the cyclones; the wall pressure, centre pressure and the overall 

pressure in the cyclone differ. The pressure increases with increasing vortex finder 

depth. Based on the inlet pressure and the outlet pressure it can be concluded that 
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the pressure drop across the cyclone differs and increases with vortex finder depth 

and this is a result of changes in the rate of energy dissipation in the cyclone. 

 

 

 

 

 

Figure 5-14a in Cyclidrical 

section 

Figure 5-14b in Conical section 
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 Fig:5- 15a: 0 

mm VF 

Fig 5-15b: 

10 mm  VF 

Fig 5-15c: 

25 mm VF 

Fig 5-15d: 

50 mm VF 

 

5.3.1    Tangential Velocity  

 

 

 

 

Figure 5-18a in Cylindrical section Figure 5-18b in Conical section 
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From figure 5-18a and b, the tangential velocity of the 12.5mm spigot diameter is 

higher than the tangential velocity of the 7.5mm and 17.5mm diameters 

respectively in the free vortex region, the tangential velocity is at its peak in the 

free vortex zone. Since tangential velocity is proportional to the centrifugal force 

then the centrifugal force acting on the cyclone with a 12.5mm spigot section is 

more than that of 7.5mm and 17.5mm hydrocyclones thus separation efficiency of 

this cyclone is expected to be more than that of others. Figure 5-18c illustrates 

how the centrifugal force acts on separating particles to the wall of the cyclone. 

The increase in tangential velocity increases the centrifugal force which moves 

more of the solid to the wall and down to the underflow.  

 

Figure 5-18c: Forces Acting on Hydrocyclone 

In the forced vortex region, the tangential velocity of the 12.5mm and 17.5mm 

spigot diameter cyclone were almost the same and the velocity dipped in this zone. 

It can be said that the depth of the forced vortex is affected by the size of the 

spigot diameter; the bigger the diameter of the spigot section, the higher the 

forced vortex. Particles in the centre of the cyclone (a radial distance of 0mm) are 

moved to the overflow of the cyclone. Finer particles will have a higher chance of 

either reporting to the overflow in a 17.5mm hydrocyclone rather than the 7.5mm 

and 12.5mm because the particles are almost lying on the envelope of zero velocity 

(Wills, 2016). 
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 Fig 5-18d: 

7.5mm  Spigot 

Fig 5-18e: 

12.5mm  Spigot 

Fig 5-18f: 

17.5mm  Spigot 

Figure 5-18d to 5-18f are the tangential velocity contour plots at different spigot 

sizes. It can be seen that the tangential velocity around the core is more intense 

in the 7.5mm spigot section than the 12.5mm spigot while the 12.5mm spigot 

section is equally more intense than the 17.5mm spigot section. This is because 

with a smaller spigot diameter, more of the fluid is expected to be passed to the 

overflow section of the cyclone thus there is higher velocity around the core of the 

cyclone. Irrespective of the spigot diameter, the flow shows a Rankine vortex 

profile. 

5.3.6   Swirling Strength at the Vortex Core Region of the 

cyclone at level 0.01  

The swirling motion delivers centrifugal force to the particles while turbulence 

disperses particles therefore the driving force for particle separation in a 

hydrocyclone is a strong swirl turbulence flow. Swirl plays an important role in 

increasing the entrainment rate and the velocity decay rate (Tamrin, 2015; Beer 

and Chigier, 1972). Chigier (1972) and Tamrin (2015) noted in their studies that 

poor internal circulation is experienced in a weak swirling system due to low axial 

pressure gradients while strong swirl has an adverse pressure gradient along the 

flow axis leading to the formation of a recirculation zone in the central region. The 

re-circulation varies in width and length depending on the swirl strength. 
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Figure 5-16 (swirl flow at vortex core region;) shows that a swirl flow will form 

irrespective of the depth of the vortex finder, this is because of the tangential entry 

of the fluid into the cyclone. It can also be seen from figure 5-16 that increasing 

the depth of the vortex finder, increases the swirl in the hydrocyclone indicating 

that more internal recirculation is taking place in the hydrocyclone with a longer 

vortex finder. The reduction in the cross-sectional area of the geometry is also 

attributed to this as a decrease in the cross-sectional area will increase the swirl 

in the hydrocyclone. 

The air core diameter was also seen to slightly vary with vortex finder depth with 

a longer vortex finder having slimmer air-core space than the shorter vortex finder. 

The result also conveys that the increase in swirl will decrease the air core space 

and a decrease in swirl increase the air-core space. Another important feature seen 

on figure 5-16 is that the air-core for the 0mm and 10mm vortex finders were 

unsteady (a bit wavy at the lower ends), this reflects an unsteady flow field. When 

a flow field is unsteady the homogeneity and steadiness of the flow will be affected 

which will lead to lower separation efficiency (Yanxia, 2013). 

 

Swirling Strength of at Vortex core Region of the cyclone at swirl level 

of 0.01  

 

 

 

 

 

 

 

 

Figure 5-16a: 

0mm VF  

Figure 5-16b: 

10mm VF  

Figure 5-16c: 

25mm VF 

Figure 5-16d: 

50mm VF 
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5.2.8    Particle Tracking  

 

 

 

 

5µm 

 

 

5µm 

 

 

5µm 

 

 

5µm 

 

 

 

 

 

10 µm 

 

 

10 µm 

 

 

10 µm 

 

 

10 µm 



144 

 

Figure 5-17: Particle tracking for different vortex finders 

 

Figure 5-17a to 5-17d show the particle tracking for the different vortex finders 

considered. It can be seen that the longer the vortex finder, the lower the number 

of particles seen at the overflow of the hydrocyclone. This shows that the length 

of the vortex finder improves the separation of particles in the hydrocyclone (Patra, 

2018; Martinez, 2008). It can also be observed that as the particle size increases, 

the number of particles travelling to the overflow section of the cyclone decreases 

indicating better classification/ separation of the bigger particles (Tang, 2018; 

Shojaeefard, 2006; Cui, 2017). 
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5.3    Spigot Section 

The spigot diameter is an important geometrical parameter used for the 

adjustment of hydrocyclone operation and efficiency. Research has shown that the 

optimum spigot diameter depends on the feed concentration (Ghodrat, 2013; Caie, 

2019). A large or small spigot diameter smaller than the optimum will lead to 

reduced or poor performance. Caie, 2019 noted that when the spigot diameter is 

too small, the separation efficiency and separation sharpness decrease.  

Table 5-4 : The spigot geometries used in Spigot diameter analysis 

Parameter Symbol 7.5mm 12.5mm 17.5mm 

Diameter of the cyclone body (mm) Dc 75 75 75 

Size of Inlet (mm) Di 22.16 x 

22.16 

22.16 x 

22.16 

22.16 x 

22.16 

Diameter of the vortex finder (mm) Do 25 25 25 

Insertion depth of the vortex finder (mm) Lv 50 50 50 

Length of the cylindrical part (mm) Lc 75 75 75 

Cone Angle (o) A 20o 20o 20o 

Diameter of the spigot (mm) Du 7.5 12.5 12.5 

In this section of the work, the optimum diameter based on the feed mass flowrate 

of 0.3kg/s was evaluated using the fluid flow parameter. The spigot diameter used 

in this evaluation were 7.5mm, 12.5mm, and 17.5mm. Air enters the cyclone 

through the spigot and exits through the vortex finder. 

 

Result and Discussion of Results 

5.3.4    Axial Velocity 

The axial velocity has been the indicator of the downward and upward movement 

of fluids to the overflow and underflow of the cyclone, it also determines the water 

split ratio in the cyclone. The comparison of axial velocity with different spigot 

diameters is shown in figure 5-19. Just like the tangential velocity, the axial 
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velocity is of two parts; the outer region and the inner region. The outer region 

(the region around the wall) occurs when there is a downward movement while 

the inner region (the region around the centre) occurs when there is upward 

movement.  

It can be seen from figure 5-19 that both the axial velocity at both the outer and 

inner regions were affected by the size of the spigot diameter. In the cylindrical 

and conical sections, the 17.5mm spigot diameter cyclone has the lowest axial 

velocity in both the inner and outer region of the cyclone. This implies that the 

17.5mm cyclone particles have a lower residence time in the cyclone than the 

cyclone with 7.5mm and 12.5mm vortex finder (Jiang, 2019). With reduced 

residence time, the separation efficiency in the hydrocyclone with 17.5mm spigot 

diameter decreases (Zhao, 2019). In the conical section, it can be seen that the 

inner core region of the 7.5mm hydrocyclone was almost non-existent, this implies 

that most all of the particle-laden fluid is been discharged at the overflow section 

of the hydrocyclone.  

Figure 5-20 shows that the locus of zero vertical velocity of a particle that can fall 

into the zero velocity region (LZVV), it can be seen that the locus is more 

pronounced in the 7.5mm hydrocyclone than in the 12.5mm and 17.5mm 

hydrocyclones, this is because more flow reversal will be experienced in the small 

spigot section than the larger one. 

 

5.3.5    Radial Velocity 

Figure 5-21a and b show similar radial velocity through the length of the 

hydrocyclone. However, towards the edge of the vortex finder, the radial velocity 

peaks and these peaks slightly differ with the 12.5mm hydrocyclone having the 

highest peak. The peak in radial velocity is because of secondary flows in the 

boundary layer of the cyclone lid which causes slip at the lid and can lead to non-

ideal separation of particles (Jafari,2017). Therefore, the secondary flow in the 

boundary layer of 12.5mm hydrocyclone is more than that of the 7.5mm and 

17.5mm diameter hydrocyclones. 
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Figure 5-19a: Axial Velocity at 

Z=0.8Dc (cylindrical section) 

Figure 5-19b: Axial Velocity at 

Z=1.6Dc (Conical section) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-20a: 7.5mm 

Spigot 

Figure 5-20b: 12.5mm 

Spigot 

Figure 5-20c: 17.5mm 

Spigot 

Axial Velocity Contour at Different Spigot Diameters 
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Figure 5-21a: Radial Velocity at 

Z=0.8Dc (Cylindrical section) 

Figure 5-21b: Radial Velocity at 

Z=1.6Dc (Conical section) 

 

 

5.3.5    Turbulence Kinetic Energy 

From figure 5-22a, in the cylindrical section of the cyclone, the turbulence kinetic 

energy of the 12.5mm hydrocyclone was quite low compared to the 7.5mm and 

17.5mm spigot diameters. This implies that the rate of dissipation of energy 

(transfer of energy from the large to small eddies) is quite high in the 12.5mm 

hydrocyclone while energy is not properly distributed in the 7.5mm and 17.5mm 

hydrocyclones. 

As the flow moves into the conical section of the cyclone, the gap between the 

turbulence kinetic energy of the three cyclones closes up with the 12.5mm 

hydrocyclone having the highest turbulence kinetic energy. Comparison of the 

turbulence kinetic energy of the 12.5mm hydrocyclone in both cylindrical and 

conical sections shows a slight increase from 0.4m2/s2 to 0.53m2/s2 while the 7.5 

to 17.5mm hydrocyclone turbulence kinetic energy drops from 0.94m2/s2 and 

0.86m2/s2 to 0.51m2/s2 and 0.43m2/s2 respectively. This shows that more 

turbulence resolution (more of the large eddies were converted to smaller eddies 
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in the conical section) takes place in the conical section of the 7.5mm and 17.5mm 

hydrocyclone than in the cylindrical section. 

 

 

 

 

Figure 5-22a in Cylindrical section Figure 5-22b in Conical section 

 

5.3.6    Swirling Strength of the cyclone at Level 0.01 

The swirl strength of the flow shows little change in the 7.5mm and 17.5mm and 

very minimal change in 12.5mm showing that the spigot section of the cyclone has 

little to no effect on the swirl strength of the cyclone.   
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7.5mm Spigot 12.5mm Spigot 17.5mm Spigot 

 

 

 

 

 

 

Figure 5-23 : Vortex Core Swirl Strength of the cyclone at Level 0.01  

 

5.3.7    Pressure Drop 

The reference point of the pressure drop is very important, in this case the 

pressure drop was taken by subtracting the overflow pressure from the the inlet 

pressure. Figure 5-23a is the graph of the effect of the spigot diameter on pressure 

drop. It can be seen that increasing spigot diameter decreases the pressure drop 

in the hydrocyclone.  This can be attributed to more fluid/particles moving to the 

overflow section due to flow resistance being increased with a smaller spigot 

diameter (Silva, 2015) therefore causing more flow reversal in the smaller 

diameter spigot section compared to the larger spigot diameter hydrocyclone; 

more pressure/energy is required  to move these particles to the overflow section 

leading to more pressure drop in the smaller diameter spigot hydrocyclone. 
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Figure 5-23a: Effect of Hydrocyclone Spigot Diameter on Pressure drop 

5.3.8  Particle Tracking  

Studies have shown that when feed concentration is less than 10%; particle 

separation in a hydrocyclone depends on the size of the spigot section with 

increasing spigot diameter yielding improved efficiency. However when the 

optimum spigot diameter is attained a further increase in spigot diameter will 

decrease the separation efficiency (Ghodrat, 2013 Freitas, 2009; Long, 2016; 

Mousavian, 2008; Silva,2015; Saengchan,2009; Zhang , 2019; Silva, 2015).  

 

Twenty-five particles were tracked in each hydrocyclone to know the quantity of 

particles which will report to the overflow section of the hydrocyclone. Figure 5-

23b to 5-23d as the spigot diameter increases from 7.5mm to 12.5mm, the 

separation efficiency of the particles increases with a lower number of particles 

reporting to the overflow section of the cyclone. However, when the spigot 

diameter was further increased to 17.5mm the separation efficiency decreases. 

This shows that 12.5mm is the optimum spigot diameter among the spigot 

diameters evaluated supporting the finding of other researchers.  
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Figure 5-23b to d: particle tracking for the different spigot sections 

 

5.4 Comparison of the fluid flow in liquid-liquid and 

solid-liquid hydroyclones  

Many researchers have looked at the fluid flow in a liquid-liquid hydrocyclone and 

solid-liquid hydrocyclone separately but none have compared the flow of fluid in 

the liquid-liquid and solid-liquid hydrocyclone. This section of the current studies 

compares the difference in the fluid flow of liquid-liquid and solid-liquid 

hydrocyclone using the same geometry. The base geometry used in the geometry 

is given in table 1 above. In addition to the base geometry simulation evaluated, 

the 50mm cylindrical geometry, 7.5mm spigot geometry, 17.5mm spigot 

geometry, 0mm vortex finder, 10mm vortex finder and 25mm vortex insertion 

described above were evaluated to compare the effect of geometry on both the 

liquid-liquid and solid-liquid hydrocyclone. 

Simulation of diesel oil and water was used for the liquid-liquid analysis while 

calcium carbonate and water simulation represented the solid-liquid simulation. 

Both simulations were carried using exactly the same process and run for an equal 

time step of 10000.  
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5.4.1   Results and Discussion of Results 

The results of the geometrical analysis of the spigots, vortex finder depth, and 

hydrocyclone diameter show that a change in axial velocity and turbulence kinetic 

energy of the liquid-liquid and solid-liquid hydrocyclone was experienced across 

the board while other flows of fluid considered (tangential, radial and pressure and 

swirl) remain relatively the same for both hydrocyclones.  

5.4.2    The Axial Velocity 

Cylindrical section diameter 

The axial velocity chart in the cylindrical section of the 75mm hydrocyclone shows 

that more circulation takes place in liquid-liquid hydrocyclone than in the solid-

liquid hydrocyclone. In the 50mm cylindrical diameter, the axial velocity was 

almost the same in both liquid-liquid and solid-liquid hydrocyclone. From the 

results of the cylindrical diameter evaluation, it can be seen that increasing the 

cylindrical diameter increases the difference the axial velocity of liquid-liquid and 

solid-liquid hydrocyclone. Increasing the diameter also increases the axial velocity 

of the fluid in the hydrocyclone. 

Figure 5-24a: Axial velocity at 

Z=0.8Dc (Cylindrical section) 

Figure 5-24b: Axial Velocity at Z=1.6Dc  

(Conical section) 

  

-1.00

-0.50

0.00

0.50

1.00

1.50

2.00

2.50

3.00

-0.04 -0.02 0.00 0.02 0.04

A
xi

al
 v

el
o

ci
ty

 (
m

/s
)

Radial distance (m)

75mm Cylindrical Section-Sand

75mm Cylindrical Section- Oil

-1.00

-0.50

0.00

0.50

1.00

1.50

2.00

2.50

3.00

-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04

A
xi

al
 v

el
o

ci
ty

 (
m

/s
)

Radial distance (m)

75mm Cylindrical Section-Sand

75mm Cylindrical Section- Oil



155 

 

  

  

  

Figure 5-24: Axial Velocity of Base (75mm) cyclone diameter, 50mm cyclone 

diameter, 7.5mm spigot diameter and 17.5mm Spigot diameter hydrocyclone  
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5.4.3    Spigot Diameter 

In a 17.5mm spigot, the axial velocity of the liquid-liquid hydrocyclone and solid-

liquid hydrocyclone were almost the same in both the cylindrical and conical 

section with flow circulation in both the cylindrical and conical section. However, 

in a cylindrical section of the 7.5mm spigot cyclone, the axial velocity of the liquid-

liquid cyclone and the solid-liquid hydrocyclone were the same in the outer region 

zone of the cyclone but the difference can be seen in the inner region/ cone of the 

cyclone. The liquid-liquid hydrocyclone has lower inner region/ dipping core region 

indicating more revolution (Lee, 2006) of fluid takes place in liquid-liquid 

hydrocyclone than in solid-liquid hydrocyclone especially in the cylindrical section. 

Increasing the spigot section also decreases the axial velocity of fluid in the 

hydrocyclone 

5.4.4    Vortex Finder 

In a hydrocyclone the inward dipping of the core-annulus region means inflow into 

the core region and the outward increase of the axial velocity in the outer region 

indicates radial flow toward the wall (Lee, 2006). However, in the 0mm and 10mm 

vortex finder, the shape rising of the velocity at the core region means an 

immediate short circuiting of the inlet flow to the outlet without swirling round the 

cyclone (Lee, 2006) thus less separation in the 0mm and 10mm vortex finder for 

the liquid-liquid hydrocyclone compared to that of a solid-liquid hydrocyclone.  

The little to no-dipping at the core of the liquid-liquid hydrocyclone at 25mm vortex 

finder also indicates that the separation in the liquid-liquid hydrocyclone is not as 

good as that of the solid-liquid hydrocyclone. The improved axial velocity shape of 

the solid-liquid hydrocyclone can be credited to a higher density differential 

between the solid particle and water. 
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Axial Velocity for different Vortex Finder 

length at Z=0.8Dc (cylindrical section) 

Axial Velocity for different Vortex Finder 

length at Z=1.6Dc (conical section) 

  

  

  

Figure 5-25 : Axial Velocity in 0mm, 10mm and 25mm Vortex finder for 

the solid-liquid and liquid-liquid hydrocyclone  
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5.4.3    Tangential Velocity  

Figure 5-26 compares the tangential velocity profile of the solid-liquid and the 

liquid liquid hydrocyclone using the same geometry parameters (same radius) and 

inlet velocity and mass loading. It can seen that the tangential velocity for both 

hydrocyclones remains the same for the cylinder diameters (75mm and 50mm) 

and spigot section (17.5mm and 7.5mm) considered. This can be ascribed to the 

way tangential velocity is being calculated by the equation given below,  showing 

that the calculation of the tangential velocity does not consider density which 

differential is the major difference between the solid-liquid and the liquid-liquid 

hydrocyclones. 

 

𝑉𝑡 = 𝜔𝑟           (5) 

        

Where  𝜔 =
2𝜋

𝑇
                (6) 

  

𝜔 is the angular velocity while T is the period. 

 

The fluid flow in the free vortex region of tangential velocity is given by equation 

7 below  

 

𝑉𝑡𝑟𝑛 = 𝐶              (7) 

 

Where 𝑉𝑡 is the tangential velocity, 𝑟 is the radius and n is normally be 0<n<1 and 

C is a constant. The fluid movement equation for the free vortex zone of the 

tangential velocity is does not include the influence of particle density. 

 

Figure 5-27 is the graph of the comparison between the solid-liquid and liquid-

liquid hydrocyclone at different vortex finder lengths. The result of the shorter 

vortex finder (0mm and 10mm) is almost the same for both hydrocyclones. 

However, when the vortex finder length was longer, a small change was observed 

between the tangential velocity of the hydrocyclones with solid-liquid hydrocyclone 

having a higher tangential velocity. This is because the insertion of the vortex 

finder influences the tangential velocity gradient by disturbing the flow field (Yang, 

2011), a longer vortex finder therefore disturbs the flow field which  
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Tangential Velocity at Z=0.8Dc 

(cylindrical section) 

Tangential Velocity at Z=1.6Dc 

(conical section) 

  

  

  

Figure 5-26 : Tangential Velocity in Base cylindrical section (75mm), 

50mm cylindrical section, 17.5mm spigot section 
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Tangential Velocity for different vortex 

finders at Z=0.8Dc (cylindrical 

section) 

Tangential Velocity for different vortex 

finder at Z=1.6Dc (conical section) 

  

  

  

Figure 5-27 : Tangential Velocity in 0mm, 10mm and 25mm Vortex 

finder for solid-liquid and liquid-liquid hydrocyclone 
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Radial Velocity Z=0.8Dc (cylindrical 

section) 

Radial Velocity at Z=1.6Dc (conical 

section) 

  

  

  

Figure 5-28 : Radial Velocity in Base cylindrical section (75mm), 50mm 

cylindrical section, 17.5mm spigot section for the solid and liqid 

hydrocyclone 
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Tangential Velocity at Z=0.8Dc 

(cylindrical section) 

Tangential Velocity at Z=1.6Dc 

(conical section) 

  

  

  

Figure 5-29 : Radial Velocity in 0mm, 10mm and 25mm Vortex finder for 

solid-liquid and liquid-liquid hydrocyclone 
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helps the swirl flow. A strong fluctuation of the tangential velocity gradient can 

shear oil droplets thus the optimum vortex finder length for the two hydrocyclones 

will be slightly different.  

 

Figures 5-28 and 5-29 are the radial velocity profile of the solid-liquid and liquid-

liquid hydrocyclones at different sizes of cylindrical section, vortex finder and 

17.5mm spigot section. It can be seen that there is no significant change in the 

solid-liquid and liquid-liquid hydrocyclones considered. This is because the 

massflow rate is very small (less than 10%).  

5.4.3   Turbulence Kinetic Energy 

For the turbulence kinetic energy of the base cyclone, the upward flow in the 

cylindrical and conical section of the hydrocyclone with solid-liquid energy is more 

than the liquid-liquid hydrocyclone and both show flow reversal in the central 

region of the conical section. This means that the total energy dissipated to the 

smaller eddies is more in the liquid-liquid hydrocyclone than in the solid-liquid 

hydrocyclone. In the 50mm cylindrical cyclone, the flow is almost the same in the 

cylindrical section of the cyclone but in the conical section, the turbulence kinetic 

energy of the liquid-liquid is more than that of the solid-liquid, indicating that more 

energy was dissipated in the solid-liquid than in the liquid-liquid hydrocyclone.  

In the 17.5mm and 7.5mm spigot sections (figure 5-30), the conical section charts 

show that the liquid-liquid hydrocyclone turbulence kinetic energy is more than 

the solid-liquid hydrocyclone indicating that less energy was transferred to the 

smaller eddies in the cyclone. In the cylindrical section of the 17.5mm spigot 

cyclone, the liquid-liquid hydrocyclone turbulence kinetic energy is more than the 

solid-liquid hydrocyclone though the difference between the two spigots’ 

turbulence kinetic energy was equally small. In the 7.5mm spigot diameter 

hydrocyclone, the solid-liquid turbulence kinetic energy was more than the liquid-

liquid which is due to the different rate at which energy has been dissipated in the 

two cyclones.  

In the vortex finders considered, the turbulence kinetic energy in solid-liquid was 

higher than the liquid-liquid hydrocyclone. However, in the 25mm hydrocyclone  
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Turbulence Kinetic Energy at Z=0.8Dc 

(cylindrical section) 

Turbulence Kinetic Energy at Z=1.6Dc 

(conical section) 
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Figure 5:30: Turbulence Kinetic Energy of Base, 50mm diameter and 

17.5mm Spigot diameter hydrocyclone for solid-liquid and liquid-liquid 

hydrocyclones 
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Figure 5-31 : Turbulence Kinetic Energy in 0mm, 10mm and 25mm 

Vortex finder for solid-liquid and liquid-liquid hydrocyclones 
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there was a huge difference in the turbulence kinetic energy of solid-liquid and the 

turbulence kinetic energy in the liquid-liquid. 

5.4.4    Pressure Drop 

Figure 5-32 shows the pressure drop comparison of the solid-liquid and liquid-

liquid hydrocyclone with varying hydrocyclone geometrical parts. Figures 5-32a 

and 5-32b show the pressure drop at 7.5mm and 17.5mm spigot diameters. It can 

be seen that the solid-liquid hydrocyclone has a higher pressure than the liquid 

hydrocyclone when the spigot diameter is small. However, with an increase in the 

spigot diameter to 17.5mm the reverse was the case (liquid-liquid hydrocyclone 

having higher pressure drop).  This is because flow reversal is forced due to 

resistance of flow caused by small spigot diameter which makes more of the fluid 

and particles to be seen in the overflow section of the cyclone. The disparity in the 

pressure drop between the sand and the oil cyclone occurs as a result of the 

influence of particle density on pressure in the hydrocyclone. The pressure drop is 

directly proportional to the fluid density based on equation 4 above (Svarosky, 

2000). 

 

There was less resistance to flow when the spigot diameter was 17.5mm, however, 

the sand cyclone has a higher pressure than the oil cyclone. This is because 

increasing the spigot section removes the resistance of flow; therefore, density of 

fluid (which is the blend of the particle and produced water density) will take 

precedence. Sand with higher density will therefore lead to a higher pressure drop, 

all other parameters remaining constant. 

 

Figure 5-32c and d is the comparison of the use of 10mm and 25mm vortex finders. 

It was observed that the solid-liquid hydrocyclone has higher pressure than the 

liquid-liquid hydrocyclone and this is credited to higher vortex finder length 

resulting in oil droplet breakage (Yang, 2011) and consequently the hindering of 

the movement of oil droplets to the underflow resulting in the reduction of the 

pressure at the overflow section of the cyclone. 
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Figure 5-32: Comparsion of the pressure drop for solid-liquid and liquid-

liquid hydrocyclones at different geometrical parameters 

Figures 5-32e and 5-32f show that the pressure drop in the solid-liquid 

hydrocyclone is less than the pressure drop in the liquid-liquid irrespective of the 

cylindrical section diameter. This centrifugal force pushed sand particles to the wall 

of the cyclone while the drag force is responsible for the  movement of the oil 

particles (which are less dense than water) to the central/ core region of the 

hydrocyclone from where it is transferred to the overflow.  The pressure resulting 

from the high drag force causes more pressure to be dropped in the liquid-liquid 

hydrocyclone than in the solid-liquid hydrocyclone.  

5.4.5    Split Ratio 

The two hydrocyclones were simulated using the same geometry, CFD setup, mass 

loading and inlet velocity. The overflow and underflow pressure of the cyclones 

were set to 0 barg (atmospheric pressure). Calcium carbonate was used for the 

solid phase while diesel was used for the oil phase.  The split ratio predicts the 

quantity of the oil or sand phase that will be seen at the overflow or underflow 

section of the cyclone, this influences the prediction of the size classification curve. 

The split ratio plotted in figure 5-33 below was evalauted using the ratio of 

underflow mass flow rate and overflow mass flowrate to the inlet mass flow rate 

as shown in the equation below. This shows the percentage of the mass flowrate 

at the overflow and underflow sections respectively. Mass flowrate is used for all 

split ratio caclulations because the quantity of the fluid upstream and downstream 

of the cyclone are measured 

𝑆𝑝𝑙𝑖𝑡 𝑟𝑎𝑡𝑖𝑜 =
𝑈𝑢𝑛𝑑𝑒𝑟𝑓𝑙𝑜𝑤

𝑈𝑖𝑛𝑙𝑒𝑡
 

𝑆𝑝𝑙𝑖𝑡 𝑟𝑎𝑡𝑖𝑜 =
𝑈𝑜𝑣𝑒𝑟𝑓𝑙𝑜𝑤

𝑈𝑖𝑛𝑙𝑒𝑡
 

The geometrical parts of the hydrocyclone are expected to affect the split ratio in 

the hydrocyclone. It can be seen that more of the fluid reported to the overflow 

than to the underflow.  

 

Although the separation of particles in the solid-liquid and liquid-liquid 

hydrocyclone uses the same principle, the predominant force causing the 
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separation in the two cyclones are different. In the solid-liquid hydrocyclone, the 

centrifugal force is the predominant force with the majority of the particles moving 

to the underflow while the produced water is expected at the overflow which could 

result in a considerably high split ratio (Jian-Feng 2017). Yuan (2015) has a split 

ratio of up to 0.47 after which a further increase in split ratio reduced the 

separation efficiency. 
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Figure 5-33: Split ratio comparison for solid-liquid and liquid-liquid 

hydrocyclone at different geometrical parameters 

 

However, in the liquid-liquid hydrocyclone in addition to the  centrifugal, the drag 

force is also crucial as this is the force dragging the oil particles to the core region 

of the cyclone (Song, 2016; Raoufi, 2008; Saidi, 2012) for upward movement to 

the overflow. Most of the fluid is to be discharged via the underflow while the 

discrete oil phase is to be discharged via the overflow, therefore a high split ratio 

(0.87 and above) at the overflow in liquid liquid hydrocyclones translates to poor 

separation.  

5.5     Summary of Chapter 

The effect of changing the size of hydrocyclone geometrical parts (spigot, length 

of vortex finder and cyclindrical part) on the fluid flow was reviewed. A comparison 

of the fluid flow in the liquid-liquid and solid-liquid hydrocyclone was also analysed. 

The geometrical parameters reviewed are the spigot diameters of 7.5mm, 12.5mm 

and 17.5mm ; vortex finders of 0mm, 10mm, 25mm and 50mm, and 35mm, 

50mm and 75mm cylindrical diameters. 

 

The results analysis revealed that the 75mm cylindrical diameter performs better 

than the 35mm and 50mm while the 25mm vortex finder and 12.5mm spigot 

section equally produce better results than other geomtrical parameters analysed. 
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The hydrocyclone geometry used for the simulation was also seen to perform 

better for the solid-liquid separation than liquid-liquid separation. Most of the fluid 

flow analysed showed similar results for the solid-liquid and liquid liquid 

hydrocyclcone with the exception of axial velocity and turbulence kinetic energy.  
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6.0 Use of Microparticles and a magnetically 
induced hydrocyclone in the separation of 
fine-dispersed oil emulsion 

 

 

 

 

The hydrocyclone operates based on the principle of centrifugal force, the fluid 

enters into the cyclone tangentially via the inlet into the cylindrical section 

generating a swirl flow which create the centrifugal force needed to separate the 

solid particles from produced water by moving particles denser than produced 

water to the wall of the cyclone and the less dense particles to the centre core 

region of the cyclone. The denser particles move to the wall of the cyclone and are 

discharged via the underflow/spigot section while the lighter particles at the core 

region of the cyclone are discharged via the overflow/vortex finder; the  

hydrocyclone has two outlets, the spigot/underflow and the overflow/vortex finder. 
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Figure 6-1: Hydrocyclone geometrical parts 

The cyclone can be used to separate particles greater than 10µm (Junxiang 2019; 

Endres,2012; Mokhatab, 2012), however the separation efficiency is greatly 

reduced when the particle size is less than 10µm. This chapter reviews an 

innovative way of improving the separation efficiency of oil particles less than 

10µm using a hydrocyclone by incorporating microparticles into the oil-water 

emulsion and inducing magnetism into the hydrocyclone. 

The geometry used in evaluating the effect of microparticles and induced 

magnetism in a hydrocyclone is shown in table 6-1 below 

Table 6-1: Hydrocyclone Geometry 

Parameter Symbol Size  

Diameter of the cyclone body Dc 75mm 

Size of Inlet Di 22.16mm x 22.16mm 

Diameter of the vortex finder Do 25mm 

Insertion depth of the vortex finder Lv 50mm 

Length of the cylindrical part Lc 75mm 

Cone Angle A 20o 

Diameter of the spigot Du 12.5mm 

This chapter reports on the: 

• Effect of the use of magnetic particles for oil-water separation in the 

hydrocyclone  

• Introduction of a magnetic field into a micro-doped hydrocyclone 

(hydrocyclone fed with a polymer-coated magnetic particle with oil doping) 

and how this affects hydrocyclone efficiency.  

• Effect of micro-particle density on oil emulsion separation efficiency in a 

hydrocyclone  

• Influence of microparticle charge density on magnetic hydrocyclone 

separation 

• Effect of micro-particle permeability on magnetic hydrocyclone oil-water 

separation efficiency. 

 

https://www.sciencedirect.com/science/article/pii/B9780123869142000054#!
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6.1  Solution Technique 

A pressure-based, time-dependent transient solver was used for the calculation of 

absolute velocity formulation. Gravity was also applied to account for the effect of 

the gravitational force. To model the turbulence in the hydrocyclone, the Reynolds 

stress model (RSM) was used. While the discrete phase (oil) was introduced into 

the continuous phase (water) using the discrete phase model (DPM). 

6.1.1    RSM Model 

The turbulence was modelled using the Reynold stress model (RSM) with linear 

pressure strain. In engineering, the wall quantities (velocity gradient, pressure, 

etc) are very important because flow separation and reattachment are strongly 

dependent on the correct prediction of the development of turbulence near the 

wall. In order to accurately predict this near-wall turbulence, the standard wall 

function was used.  

As a result of the high degree of coupling required between the momentum 

equation and the turbulence stresses in the RSM model, the convergence was 

deemed achieved when the residual values reach 10−3. 

6.1.2    Discrete Phase Model 

The discrete phase was enabled and made to interact with the continuous phase 

to ensure an accurate prediction of the particle movement in the fluid. The particles 

were treated as steady-state particles.  

Diesel was used as the oil particle and injected into the system with the fluid using 

surface injection via the inlet. Spherical drag law was enabled as the particles were 

assumed to be spherical in shape. The particle loading, flowrate, and diameter 

were specified; particle flowrate was considered the same as the produced water 

(continuous phase) flowrate. 

6.1.3    Magnetohydrodynamic Model (MhD) 

MHD was enabled in order to induce magnetism into the hydrocyclone carrying 

micro-doped particles. The magnetic field strength was specified and the MHD 
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equation was solved with Lorentz force for the analysis. The solution was initialized 

prior to the running of the simulations 

The approach used by Watson (Shen, 1989) was used for the current study where 

the magnet is placed outside the hydrocyclone for separation to take place. A 

magnetic strength of 1 Tesla was introduced into the system, 1 Tesla was used 

because the hydrocyclone is a high intensity (turbulence) device and therefore will 

require a high intensity magnetic field to penetrate and cause separation, also 

because the conventional magnetic separator is limited to a magnetic field strength 

of about 20000 gauss/ 2Tesla (Bannester, 1970); studies  of magnetic field 

strength in magnetic hydrocyclone separation have shown that a strength of 

magnetic of not more than 2 Tesla has been used (Siadaty, 2017; Premaratne, 

2003; Meireles, 2015). 

6.1.4    Boundary Conditions and Solution methods 

The vortex finder (overflow) and spigot (underflow) of the cyclone were exposed 

to the atmosphere, therefore, the gauge pressure was set to 0 atm. The boundary 

conditions used for the simulations were as follows:  

Inlet Section - Velocity Inlet 

Outlet Sections- Outlet Vent 

Wall - Stationary wall motion, no-slip shear condition, and wall roughness was set 

at a roughness coefficient of 0.5mm. 

To reduce computational time and achieve good results, the hexahedral structured 

mesh was used. The discretization of continuity and momentum equations for the 

simulation was solved using a pressure-based solver. The pressure-velocity was 

coupled using SIMPLE, spatial discretization evaluated using Least Square Cell-

Based; pressure, momentum, turbulence kinetic energy, turbulence dissipation 

rate, and magnetic field in the x,y and z directions all discretized using Quick while 

the time step used for the simulation was 0.0001 s.  
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6.1.5    Operating Conditions  

The oil in water stream fed into a hydrocyclone is typically not more than 5000ppm 

(Durdevic P, 2018; SAWEA, 2005; Motin, 2015; Veolia, 2019, Eprocess, 2019) this 

is equivalent to about 0.5% concentration. It is expected that this will be reduced 

to about 10-40ppm downstream of the hydrocyclone, depending on the regulatory 

requirement of the area where it is to be disposed. 

The mass flowrate of oil particles considered for evaluation were of 0.0007 kg/s, 

0.07 kg/s and 0.7 kg/s. With the inlet area of 0.0005527m2, inlet velocity of 2.5m/s 

(for both the continuous and discrete phase). The oil density used was 780 kg/m3 

while the water density used was 1000 kg/m3. The equivalent concentration of 

flowrate was calculated to be 0.00065%, 0.065%, and 0.65%. 

The ferromagnetic material used was assumed to have the properties below 

(Walid, 2017; Zhdanov, 2015; Vella. 2012) 

Density 5175kg/m3 

Magnetic permeability 1.5 h/m 

Electrical conductivity 10000 S/m 

Charge density 7.02c/m3 

In the context of this work, conductivity means the ability of the material to 

conduct current/ charge while permeability is the magnetization capability. 

Permeability supports the formation of the magnetic field.   

The micro-doped oil mass flowrate was assumed to be the same as the undoped 

oil mass flowrate given above for the evaluation. Since ferromagnetic material has 

a higher density than oil; the density of ferromagnetic material was assumed to 

take precedence over oil density in the separation process. The effect of the 

quantity/ density of ferromagnetic properties is reviewed in the subsequent 

section. Individual oil droplet sizes were considered, and the ferromagnetic particle 

was assumed to cover individual oil particles after gentle agitation of the polymer-

coated magnetic particle with produced water.  
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Result and Discussion of Results  

6.2  Effect of Magnetic Particle on Oil-Water 

Separation Efficiency and Velocity Profile 

Doping of the oil emulsion with polymer-coated magnetic particles increases the 

density of the oil in water therefore an assumption that the oil particles become 

denser than water was made. This will result in the separation of the oil particles 

through the spigot section as against the conventional hydrocyclone (conventional 

hydrocyclone is referring to a hydrocyclone with no magnetic particle or magnetic 

induction) where separated oil is discharged through the vortex finder. 

The results in this section depict the effect of adding microparticles to the oil-water 

emulsion, and subsequent introduction of an induced magnetic field into the 

cyclone. A comparison of these two cases was reviewed against the performance 

of a conventional hydrocyclone. The effects of the use of microparticles and 

inducing a magnetic field into the micro-doped oil on hydrocyclone efficiency and 

pressure drop were analysed while looking at the fluid mechanics of the process. 

6.2.1     Efficiency  

The electrostatic attraction force bonds the positively charged polymer-coated 

Magnetic Particles (MP) with negatively charged oil in produced water and controls 

the attachment of the oil to the Magnetic Particle. The subsequent aggregation of 

electrically neutral micro-oil droplets plays a significant role in efficient magnetic 

separation (Saebom Ko, 2016). Figure 6-1 assessed the effect of the magnetic 

particle on oil-emulsion separation and how the introduction of the magnetic field 

affects the separation process. 

It can be seen that the addition of magnetic particles favours the separation 

process most especially the smaller droplets rather than the bigger droplets. For 

the flowrate reviewed (0.0007kg/m3, 0.07kg/m3 and 0.7 kg/m3), both the Micro-

doped hydrocyclone (hydrocyclone with polymer-coated magnetic particle doped 

with oil) and the magnetic hydrocyclone (hydrocyclone with micro-doped oil plus 

magnetic induction) improve the separation of particles by up to 30% or more 

when compared with the conventional hydrocyclone (hydrocyclone without 
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microparticles or magnetic induction) for very fine particles, that is a particle size 

ranging from 0-30µm depending on the mass flowrate/ concentration.  

The magnetic hydrocyclone shows greater separation efficiency than a Micro-

doped hydrocyclone for a particle size less than 10µm in all the cases reviewed. 

As the mass flowrate increases the effect of the magnetic hydrocyclone on the 

separation efficiency of small particles decreases when compared to the micro-

doped hydrocyclone. Therefore, it can be seen that the magnetic hydrocyclone has 

greater efficiency on the particle size of up to 15µm than the micro-doped 

hydrocyclone when the mass flowrate was 0.0007kg/s. Magnetic hydrocyclone 

efficiency only outperforms the micro-doped hydrocyclone when the particle size 

is less than or equal to 10µm at a mass flowrate of 0.07kg/s.  

Further increase of the mass flowrate to 0.7kg/s decreases the particle size at 

which magnetic hydrocyclone efficiency can outperform micro-doped hydrocyclone 

to less than 10µm. This is similar to the finding of Saebom (2016) where the 

smaller particles are greatly affected by the magnetic field when compared with 

the larger particles. This also shows that the influence of the magnetic 

hydrocyclone on separation efficiency is dependent on the particle size and 

concentration/ particle loading.  

When the particle size was greater than 10µm but less than 30µm, the micro-

doped hydrocyclone was seen to outperform the magnetic hydrocyclone with both 

hydrocyclones (micro-doped and magnetic) having higher efficiency when 

compared to the conventional hydrocyclone. This can be attributed to the external 

magnetic field strength and the magnetic field gradient (Svoboda, 2005). 

However, because it was assumed that the same magnetic materials were used, 

the magnetic field gradient will be similar or almost the same. Therefore, this 

makes the effect of the magnetic force on smaller particles (<10µm) and higher 

concentration the most liable cause of the change in the separation seen in the 

micro-doped hydrocyclone and magnetic hydrocyclones (Sambom, 2015).  

The result also shows that the density differential has a more significant effect on 

the improvement seen in the separation efficiency than the induced magnetism 

with a micro-doped hydrocyclone having a similar separation efficiency for smaller 
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particles and outrightly outperforming the magnetic hydrocyclone for larger 

particles (particles larger than 10µm).  

Boosting the density of oil in water with the introduction of MPs is therefore 

considered a major contributor to the improved separation of oil from water in this 

hydrocyclone analysis. This is in accordance with the findings of Svarosky (2000) 

and Medronho's (1998) design analysis and calculations where the hydrocyclone 

separation efficiency factor is directly proportional to the density differential 

between the particles and water and inversely proportional to the particle size. 

6.2.2     Pressure Drop 

The pressure inside the cyclone drops as a result of the friction in the cyclone body 

(Kharoua, 2011). Some of the factors responsible for this are density differential, 

particle size, and cyclone geometry (Stewart 2009). With the use of the same 

geometry and particle size in the simulations, the contribution of the density 

difference is expected to take dominance in the simulation.  

The result shows that in both conventional and micro-doped hydrocyclones, an 

increase in particle concentration increases pressure drop. Also increasing the 

particle density from 780kg/m3 to 5175kg/m3 increases the pressure drop 

(Kharoua, 2011; Stewart 2009) in conventional and micro-doped hydrocyclones 

for all the mass flowrates considered in figure 6-2 above (figure 6-2 is the pressure 

drop between the inlet and overflow). However, in the magnetic hydrocyclone, the 

reverse was the case as the pressure drop decreases with an increasing flowrate 

(Bhuyan, 2008).  

A comparison of micro-doped and magnetic hydrocyclones show that at a lower 

mass flowrate, the pressure drop was almost the same but a huge disparity was 

seen in higher concentrations. This is because the motion of microparticles in the 

magnetic field generates a current. The interaction of this current with the imposed 

magnetic field produces a Lorentz force affecting the motion (Bhuyan, 2008); this 

force modifies the velocity and opposes the MHD pressure drop. With increasing 

concentration, more particles will be at the wall of the cyclone resulting in a 

decrease in pressure caused by the reduction of hydrocyclone wall conductivity. 

The wall conductivity reduces because of blockage imposed on the wall as a result 
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of particle deposition; since eddy current due to the motion of magnetic particles 

closes their current at the wall.  

  

 

Figure 6-1a: Effect of Use of MicroParticles and Induction of Magnetic 

field on Deoiling Hydrocyclone efficiency 
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Figure 6-2: Pressure drop between the inlet and  Overflow 
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Figure 6-2a: Effect of microparticle and magnetic induction on 
hydrocyclone split ratio at mass flowrate of 0.0007kg/s 
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Figure 6-2a to c: Effect of microparticle and magnetic induction on 

hydrocyclone split ratio at different mass flowrate 
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6.2.3    Split Ratio 

Figure 6-2a to 6-2c compared the split ratio of the conventional, micro-doped and 

magnetic hydrocyclone at different concentrations. The split ratio was calculated 

with respect to the mass flowrate of the underflow section to the mass flowrate of 

the inlet flowrate   

𝑆𝑝𝑙𝑖𝑡 𝑟𝑎𝑡𝑖𝑜 =
𝑈𝑢𝑛𝑑𝑒𝑟𝑓𝑙𝑜𝑤

𝑈𝑖𝑛𝑙𝑒𝑡
 

The result shows that the concentration increases from conventional to magnetic 

hydrocyclone at mass loading of 0.0007kg/s. In mass loading of 0.07kg/s, the 

conventional hydrocyclone has the lowest split ratio while the micro-doped 

hydrocyclone has the highest. While in the 0.7kg/s, the conventional hydrocyclone 

has the highest split ratio while the magnetic hydrocyclone has the lowest split 

ratio. 

According to Yuan (2015) and Jian-Feng (2016), the separation efficiency of a 

hydrocyclone increases with an increase in split ratio. Although the magnetic 

hydrocyclone has the lowest overall efficiency in 0.0007kg/s mass loading, with 

separation efficiency of particles above 30µm lower than both the conventional 

and micro-doped hydrocyclone; the split ratio was higher. This shows that 

comparison of the split ratio of the conventional, micro-doped and magnetic 

hydrocyclone cannot be related to the separation efficiency. This can be ascribed 

to the mode of separation of the conventional liquid-liquid hydrocyclone where oil 

is discharged via the overflow, therefore the split ratio is expected to be lower. 

However, in the magnetic and micro-doped hydrocyclone, the particles are 

discharged in the underflow section of the cyclone, therefore the split ratio of the 

conventional hydrocyclone is expected to be lower than the magnetic and micro-

doped hydrocyclone. 

Figure 6-2d to figure 6-2f are the graphs of the effect of concentration on 

conventional, micro-doped and magnetic hydrocyclones. The three types of 

hydrocyclone show that an increase in concentration increases the split ratio; 

according to previous work (Jiang, 2018), at low inlet velocity, increasing the feed 

concentration increases the split ratio.  It can also be seen that the rate of the feed 

mass loading affects the split ratio which is higher in the conventional hydrocyclone 
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with an increment of about 10% from the split ratio of 0.0007kg/s mass loading 

to a split ratio of 0.7kg/s mass loading. While in the micro-doped and magnetic 

hydrocyclone the rate of increase from 0.0007kg/s to 0.7kg/s was 5% and 3% 

respectively. 

6.2.4     Tangential Velocity  

The strength of the primary separating force in a hydrocyclone (centrifugal force) 

is determined by tangential velocity. The higher the tangential velocity, the higher 

the centrifugal force. Tangential velocity is equally an important factor in 

evaluating the classification and separation performance of the conventional 

hydrocyclone. Most of the factors used to improve the separation performance of 

hydrocyclone influence the tangential velocity (inlet flowrate/ velocity, geometrical 

factor-like inlet size, cylindrical size, cone angle, spigot size among others) with 

increasing tangential velocity leading to better separation performance. 

Figure 6-3a shows that increasing the mass flowrate of the particle changes the 

way the magnetic field influences the separation of particles in the magnetic 

hydrocyclone. When the concentration was low i.e. at a mass flowrate of 0.0007 

kg/s, the conventional hydrocyclone was seen to have a low tangential velocity 

profile compared with the micro-doped and magnetic hydrocyclone. This reflects 

that the influence of the density differential on the tangential velocity is more 

pronounced at a very low mass flowrate when compared to higher mass flowrates. 

At the same mass flowrate of 0.0007kg/s, the tangential velocity of the magnetic 

hydrocyclone was seen to be higher than that of the micro-doped hydrocyclone. 

This can be attributed to the influence of the strength of the magnetic field strength 

on microparticles at a lower mass flowrate. Higher magnetic field strength is felt 

at lower concentrations.  

At higher concentrations with mass flowrates of 0.07 kg/s and 0.7 kg/s, the 

tangential velocity profile of the micro-doped and magnetic hydrocyclones were 

almost the same. Showing that the magnetic field strength does not have a 

significant effect on particle movement and therefore little effect on the tangential 

velocity as the concentration of the microparticles increases. This can be credited 

to increasing the particle aggregation as the mass flowrate of the microparticle 

increases (Rosicka, 2013). The aggregation occurs as a result of increase in the 
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force between particle-particle due to the close proximity of the particles. 

Increasing aggregation decreases the rate of magnetic field intensity penetrating 

into the aggregated particles leading to reduction in the movement of particles to 

the wall of the cyclone and therefore reduced tangential velocity which can lead to 

a lower pressure drop.  

Figure 6-3b is the contour plot for the tangential velocity of the three types of 

hydrocyclone under review (conventional hydrocyclone, micro-doped 

hydrocyclone, and magnetic hydrocyclone) at mass flowrates of 0.0007kg/s, 

0.07kg/s, and 0.7kg/s. 

For the three types of hydrocyclone under review at different concentrations, all 

the tangential velocities are similarly shaped with the tangential velocity increasing 

with decreasing radius from the wall. All the tangential velocity contour plots show 

the characteristic of Rankine flow with forced vortex at the centre of the cyclone 

and free vortex towards the wall of the cyclone.  

Increasing the concentration of the cyclone affects the tangential velocity of the 

cyclones in various ways. From the contour plot, it can be seen that increasing the 

concentration of the micro-doped hydrocyclone increases the tangential velocity. 

In a conventional hydrocyclone, the tangential velocity is affected by very low 

concentration (mass flowrate). However, as the mass flowrate increases, changes 

in the tangential velocity become insignificant (Bai, 2008).  

The magnetic hydrocyclone behaves differently from the other two types of 

hydrocyclones. An increase in mass flowrate from 0.0007 kg/s to 0.07 kg/s was 

seen to increase the spread of high velocity around the core area and a further 

increase in mass flowrate from 0.07 kg/s to 0.7 kg/s increases the intensity along 

the core area of the cyclone. 

This indicates that higher speed is required to move fluid along the core and less 

time is required for separation as the mass flowrate increases in the magnetic 

hydrocyclone.  

From basic physics, tangential velocity (𝑉𝜃) is given by equation 6a below 

𝑉𝜃 = 𝜔𝑟          6-a 

    



188 

 

where 𝜔 =
2𝜋

𝑇
      

      

𝜔 is the angular velocity while T is the period 

Tangential Velocity Taken at point 

Z=0.8Dc 

Tangential Velocity Taken at point 

Z=1.6Dc 
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Figure 6-3a: Effect of microparticles and magnetic induction on the 

tangential velocity of hydrocyclone 
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Figure 6-3b: Effect of microparticles and magnetic induction on 

tangential velocity contours 
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6.2.4     Axial Velocity 

The axial velocity determines the separation zone or space, it is of two parts and 

acts towards the longitudinal axis of the hydrocyclone with directions opposite to 

each other. It is an important part of the cyclone flow field as it also determines 

the residence time (total time from entry to exit of the fluid) and the split ratio. 

The axial velocity has two types of flow movement, the outer flow which moves 

high-density fluid to the underflow and the inner flow which moves lower density 

fluid to overflow (Siadaty, 2017).  

The axial velocities were taken in the cylindrical section at Z=0.8Dc (above the 

vortex finder in the cyclone) and in the conical section at Z=1.6Dc (below the 

vortex finder in the cyclone). Figure 6-3ci and 6-3civ show that at a low 

concentration of 0.0007kg/s, the axial velocity of the conventional hydrocyclone is 

higher than the axial velocity on the magnetic and the micro-doped hydrocyclone, 

indicating that the particle-laden fluid in the conventional hydrocyclone will have 

a higher residence time in the conventional hydrocyclone (Jiang, 2019) than in the 

magnetic and micro-doped hydrocyclones. The shape of the magnetic 

hydrocyclone in the conical section at a mass flowrate of 0.0007kg/s also indicates 

that there is a short circuiting /revolution of flow in the cyclone (Lee, 2006). This 

can be associated with the magnetic force induced into the cyclone causing 

attraction of the magnetic-doped oil to the wall of the cyclone thus magnetic force 

reducing the swirl movement.  

At increasing mass flowrate, the axial velocity of the conventional hydrocyclone 

was seen to decrease in the cylindrical and conical sections of the hydrocyclone. 

However, when compared with the micro-doped hydrocyclone and magnetic 

hydrocyclone, the conventional hydrocyclone has a higher axial velocity than the 

magnetic and micro-doped hydrocyclone at 0.0007kg/s and higher than magnetic 

hydrocyclone at 0.7kg/s while having approximately the same value as the micro-

doped hydrocyclone. However, at 0.07kg/s, the micro-doped and magnetic 

hydrocyclones have approximately the same value.  

Increasing the mass flowrate from 0.0007kg/s to 0.07kg/s, the magnetic and 

micro-doped hydrocyclones have approximately the same axial velocity, indicating 

the fluid flow in both cyclones have the same residence time. In all of figures 6-
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3c, the axial velocity of the micro-doped hydrocyclone is larger than that of the 

magnetic and conventional hydrocyclones or of approximate size indicating an 

overall better performance of the micro-doped cyclone. 

Axial Contour Plots 

The effect of the concentration is more pronounced in the axial velocity as can be 

seen from figure 6-3d in that the locus of zero vertical velocity, LZVV (A) becomes 

more pronounced with increasing concentration in all the hydrocyclones. This 

shows that the maximum concentration is not at the wall of the hydrocyclone but 

rather near the LZVV lines of the particles (Dai, 1999). According to equilibrium 

orbit theory, particles outside the LZVV go to the underflow while particles inside 

the LZVV report to the overflow (Kelsell, 1952). A particle on this LZVV has zero 

velocity, therefore, has a 50% chance of moving either to the overflow or 

underflow section of the cyclone. In other words, LZVV is not an absolute boundary 

for solids or separation (Dai, 1999). 

The magnetic hydrocyclone LZVV is more pronounced than that of conventional 

and micro-doped hydrocyclones, indicating that the induced magnetism has an 

effect on the concentration of the hydrocyclone. 

6.2.6     Radial Velocity  

The radial velocity reflects the motion of the fluid along the radial direction. For 

particles to separate in cyclones, radial displacement must occur; figure 6-3e 

shows that radial velocity increases along the radial length, and near the wall 

becomes zero due to the need for the total flow to pass through the smaller area 

as it leaves the cyclone. The negative value in radial velocity denotes inward radial 

velocity, this denotes the passage of fluid through to the vortex finder which then 

becomes zero. The positive value is due to centrifugal force, (Wang B, et al, 2007).  
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Figure 6-3ci-iii: Axial Velocity Taken 

at point Z=0.8Dc 

Figure 6-3civ-vi Axial Velocity Taken at 

point Z=1.6Dc 

  

  

  

Figure 6-3c: Effect of microparticles and magnetic induction on axial 

velocity of hydrocyclone 
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Figure 6-3d: Effect of microparticles and magnetic induction on the 

axial velocity contours for thr different cyclone types 
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Velocity Taken at point Z=0.8Dc 

(Cylindrical section) 

Velocity Taken at point Z=1.6Dc 

(Conical section) 

  

  

  

Figure 6-3e: Effect of microparticles and magnetic induction on the 

radial velocity of hydrocyclone 

 

-8.00

-6.00

-4.00

-2.00

0.00

2.00

4.00

6.00

8.00

-0.04 -0.02 0.00 0.02 0.04

R
ad

ia
l V

el
o

ci
ty

 (
m

/s
)

Radial distance (m)

0.0007 0.0007 with Nano and MhD
0.0007 with Nano no MhD

-8.00

-6.00

-4.00

-2.00

0.00

2.00

4.00

6.00

8.00

-0.04 -0.02 0.00 0.02 0.04

R
ad

ia
l V

el
o

ci
ty

  (
m

/s
)

Radial distance (m)

0.0007 0.0007 with Nano and MhD

0.0007 with Nano no MhD

-8.00

-6.00

-4.00

-2.00

0.00

2.00

4.00

6.00

8.00

-0.04 -0.02 0.00 0.02 0.04

R
ad

ia
l v

el
o

ci
ty

 (
m

/s
)

Radial distance (m)
0.07 with Nano no MhD
0.07 Conventional

-8.00

-6.00

-4.00

-2.00

0.00

2.00

4.00

6.00

8.00

-0.04 -0.02 0.00 0.02 0.04

R
ad

ia
l V

el
o

ci
ty

 (
m

/s
)

Radial distance (m)
0.07 Conventional 0.07 with Nano no MhD
0.07 with Nano and MhD

-8.00

-6.00

-4.00

-2.00

0.00

2.00

4.00

6.00

8.00

-0.04 -0.02 0.00 0.02 0.04

R
ad

ia
l V

el
o

ci
ty

 (
m

/s
)

Radial distance (m)

0.7 Conventional 0.7 with Nano no MhD
0.7 with Nano with MhD

-8.00

-6.00

-4.00

-2.00

0.00

2.00

4.00

6.00

8.00

-0.04 -0.02 0.00 0.02 0.04

R
ad

ia
l V

el
o

ci
ty

 (
m

/s
)

Radial distance (m)
0.7 Conventional 0.7 with Nano no MhD
0.7 with Nano with MhD



196 

 

The radial velocity at a mass flowrate of 0.0007kg/s in the conventional and micro-

doped hydrocyclone was smaller than that of the magnetic hydrocyclone. This can 

be attributed to the additional force due to the magnetic field strength in the 

hydrocyclone. It is also an indication of the magnetic force having a greater effect 

on the lower concentration than the higher concentration. This can be linked to 

enhanced aggregation caused in the modified confinement owing to the magnetic 

field (Couedel, 2019). 

 

6.3  Effect of Micro-Particle Permeability on 

Hydrocyclone Separation efficiency of Oil-

Emulsion 

Permeability is the measure of the resistance of a material against the formation 

of a magnetic field, therefore it is the ratio of magnetic induction to the magnetic 

field strength within a material. Magnetic materials can be classified by 

permeability; the permeability of a diamagnetic material is slightly less than 1 

while the permeability of paramagnetic material is slightly more than one. 

Ferromagnetic material, however, has varying magnetic permeability depending 

on the magnetic field with purified iron and many magnetic alloys have up to 

100,000 or more permeability. The value of the magnetic permeability of some of 

the ferromagnetic material are listed below 

Table 6-2: Magnetic permeability of different ferromagnetic materials 

Mineral Magnetic Permeability (Static) 

Magnetite 2.5-16 

Sidente 1.0035 

Hematite 1.0004-1.001 

Ankente 1.00025 

Pyrite 1.000045 

Magnesite 1.000250-1.000500 

Graphite 0.9999990 

𝜇 =
𝐵

𝐻
         6-b   

Where B is the magnetic flux density, it is also known as the magnetic induction 

while H is magnetic field strength. µ is the magnetic permeability.  
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From table 1 above, it can be seen that the permeability of ferromagnetic material 

is much higher; at higher magnetic field strength the magnetic material shows 

saturation and hysteresis (magnetic induction lagging behind the magnetic force). 

The influence of magnetic permeability on hydrocyclone separation efficiency and 

fluid flow was reviewed in this section. The same geometry of the magnetic 

hydrocyclone used in section 6.1 above was also used in this section. The 

permeability evaluated in this section was 0.5h/m, 1.5h/m, 3.0h/m and 4.5h/m. 

A constant magnetic induction of 1 tesla was used for the introduction of 

magnetism into the hydrocyclone. With a magnetic field of 1 tesla and above 

(Fengyu Xu, 2016), this system can be classified as a high gradient magnetic 

separator. A high gradient magnetic field is used to separate ferromagnetic 

particles less than 50µm  

6.3.1 Efficiency 

The influence of a magnetic field on separation depends largely on the behaviour 

of the particles to be separated when exposed to the magnetic field. Generally, it 

can be seen from the result in figure 6-4 below that at lower permeability, more 

of the micro-doped particles were separated leading to higher efficiency of oil-

water separation irrespective of the oil particle size considered. This is because 

higher permeability increases the eddy current induced into the first layer of the 

atoms of the material, this eddy current generates a magnetic field in an opposite 

direction to the induced magnetic field and therefore reduces the magnetic field 

strength going into the other layers of the magnetic material's atoms. This result 

in less separation as there is an opposing force hindering the separation of the 

micro-doped oil droplet from water (Sato,1990). With lower permeability, less 

eddy current is induced therefore, the magnetic field penetrates longer, and 

separation of oil droplets increases. It can also be seen that the change between 

the permeability of 1.5h/m and 3.0h/m as it relates to efficiency is a little wide, 

this is because the behaviour of ferromagnetic permeability is not linear with 

respect to the strength of the external field (Demirel, 2009). 
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Figure 6-4 Effect of magnet particle permeability on the efficiency of the 

magnetic hydrocyclone 

6.3.2   Forces in the Hydrocyclone 

Simulation of the motion of particles in a hydrocyclone is governed by drag force, 

Saffman lift force, Brownian force, Basset force, Magnus force, thermophoretic 

force, pressure gradient force, and mass force. In this analysis the Magnus force 

will be neglected because of the very small micron particles considered (spinning 

effects are ignored); thermophoretic form is not considered because the 

temperature gradient is considered negligible and both the fluid and particles are 

assumed to have the same temperature. Pressure gradient, Brownian, and Basset 

forces were also assumed to be negligible because of the particle size being 

considered (1-50µm). In this section, the drag force, lift force and moment of the 

particles will be considered to analyse the movement of the micro-doped particles 

in relation to the stream under the influence of a magnet. 

 

6.3.2.1   Drag Force 

 

Figure 6-5 below also shows the effects of magnetic permeability on drag force. 

The drag force can be seen to reduce with increasing permeability, this is because 

increasing magnetic permeability increases eddy currents within the hydrocyclone 

thus causing ohmic dissipation and consequently generating greater drag force, 

the retarding nature of this drag force is a display of Lenz's law (Hossein, 2008). 
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As drag force decreases with increasing microparticle permeability, it will be safe 

to conclude that increasing the magnetic permeability reduces the rate at which 

magnetism is induced into the micro-doped oil in the hydrocyclone. The negative 

drag indicates that the micro-doped oil particles with lower permeability move 

faster to the wall than micro-doped oil droplets with higher magnetic permeability; 

since radial movement is obstructed by drag force as the particles move through 

the carrying fluids (Premaratne, 2003).  

 

 

 

Figure 6-5: Effect of Magnetic particle on drag force 

 

6.3.2.2  Lift Force 

Lift force is generally known to be perpendicular to the flow direction. From the 

literature (Svarosky, 2000; Medronho, 1998; Dai, 1999; Siadaty, 2017) higher 

density particles move to the wall of the hydrocyclone while lower density particles 

to the central part of the cyclone, therefore, lift force will give an indication of the 

force available to move lower particles to the overflow of the cyclone. 

Figure 6-6 shows that the lift force decreases with increasing magnetic 

permeability, this reveals that the influence of permeability on the lift force is not 

significant when the permeability is high but sizable when the permeability is low 

as is the case of 0.5h/m permeability. This also means that particles in the central 
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region of the cyclone have a higher force to move to the overflow section in a 

0.5h/m permeability hydrocyclone than in other hydrocyclones.   

6.3.2.3   Moment 

The moment measures the tendency of a particle to rotate around an axis, this will 

typically occur when the force applied to the particle is not equal to the opposing 

force. Figure 6-7 shows that a hydrocyclone with a micro-doped particle of 0.5h/m 

permeability produces a higher moment than other hydrocyclones. This means 

that when permeability was 0.5h/m, magnetization was easier thus 0.5h/m 

permeability resulted in highly magnetizable particles than other permeabilities 

considered; highly magnetizable material produces higher net magnetic moment 

(Hermann A., 1989). In other words, the induced field (strength) in 0.5h/m 

permeability is higher. The product of the magnetic strength and the distance 

between the magnetic poles gives the moment and the magnitude of the moment 

per unit volume of material is magnetization (Denis Yan, 2016).  

 

 

 

 

Figure 6-6: Effect of magnetic permeability on lift force 

 

 

 

 

 

2
.6

4

1
.1

7

1
.1

7

0 . 5 3 4 . 5

Li
ft

 F
o

rc
e 

(N
)

Permeability (h/m)

E f f e c t  o f  M a g n e t i c  P e r m e a b i l i t y  o n  L i f t  F o r c e



201 

 

 

 

 

Figure 6-7: Effect of magnetic permeability on moment 

6.3.3   Velocity profiles at different magnetic permeability 

The velocity profiles were taken at two different points in the hydrocyclone, the 

first velocity reading was taken at Z=0.8Dc which falls above the vortex finder in 

the cylindrical section of the cyclone. The second velocity was taken at Z=1.6Dc 

which is below the vortex finder and falls in the conical section of the cyclone.  

6.3.3.1   Tangential Velocity 

It can be seen that the tangential velocity (figure 6-8) of the hydrocyclones 

irrespective of permeability all show the characteristics of free and forced vortex 

towards the wall and the centre of the cyclone (Rankine flow). In the cylindrical 

section of the hydrocyclone; at the free vortex region, the tangential velocity of 

0.5h/m and 1.5h/m were almost the same and higher than the tangential velocity 

of 3.0h/m and 4.5h/m permeability. However, in the forced zone, it was observed 

that that the tangential velocity of the 3.0h/m and 4.5h/m hydrocyclone was lower 

than 0.5h/m and 1.5h/m permeabilities.  

In a hydrocyclone the centrifugal force is the dominant force for separating higher 

density particles from lower density particles. However, in a magnetic 

hydrocyclone, the centrifugal force is complemented by external magnetic force 
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due to the induction of a magnetic field into the cyclone (Premaratne, 2003). This 

magnetic force is given by the equation below 

𝐹𝑚 = 𝜇𝑜𝑘 𝑉𝐻𝑣̅𝐻        6-c 

 

Where 𝐹𝑚 is magnetic force  

𝜇𝑜 is permeability of vacuum 

𝑘 is volumetric magnetic susceptibility 

𝑉 is particle volume 

𝐻 is field strength  

𝑣̅𝐻 is the magnetic field gradient. 

Since µ= B / H, is at constant magnetic force, increasing permeability will reduce 

the magnetic field strength. A reduction in magnetic field strength also leads to a 

reduction in the magnetic field gradient, therefore a reduction in the overall 

velocity of particles moving to the wall of the cyclone. This means a reduction in 

the overall forces (centrifugal force and magnetic force) attracting/ moving 

particles to the wall of the cyclone.  

The tangential velocity contour (figure 6-8a) along the longitudinal section of the 

cyclone shows that while the velocity for the higher permeability hydrocyclone (3.0 

and 4.5h/m) looks fairly the same, the lower permeability hydrocyclone (0.5 and 

1.5h/m) is approximately same too. This can be linked to the different flow 

resistances that were experienced in the cyclone at different permeability 

constants (Bram, 2018). 
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Figure 6-8: Effect of magnetic permeability on hydrocyclone tangential 

velocity 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-8a: Effect of magnetic permeability on hydrocyclone tangential velocity- 

Contour plots 

6.3.3.2   Axial velocity 

The axial velocity is responsible for moving particles along the longitudinal axis of 

the cyclone. From figure 6-9, the maximum axial velocity was seen in the 0.5h/m 

and 1.5h/m permeability hydrocyclone. This means the residence time of the lower 

permeable micro-doped fluid is more than that of the high permeable micro-doped 

fluid (Jiang, 2019) 
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The shape of the axial velocity at 0.5h/m and 1.5h/m shows no dipping at the core 

of the cyclone. In a conventional hydrocyclone, this shape means that the 

revolution in the cyclone is small thus poor separation (Lee, 2006). However, this 

study has shown that in the magnetic hydrocyclone, the revolution of fluid can be 

reduced due to the influence of the magnetic force introduced into the system 

which helps to improve the separation efficiency.  

The axial velocities of the high permeability (3.0h/m and 4.5h/m) cyclones were 

also seen to be lower than 0.5h/m and 1.5h/m permeability. This is because the 

increase in permeability increases the resistance of flow in the cyclone which leads 

to the overall decrease in the axial velocity of the cyclone (Demirel, 2009).  The 

shape of the high permeability hydrocyclone shows flow reversal with the dipping 

at the core region of the cyclone and higher swirl/ revolution of the fluid which is 

typical of the hydrocyclone. The magnetic hydrocyclone axial shape reflects a 

typical hydrocyclone axial velocity because as the microparticle permeability 

increases the magnetic field has lesser influence on the microparticle due the 

generation of larger magnetic force opposing called eddy current (García-Martín, 

2011). 

It can therefore be concluded to improve the efficiency of oil-water separation in 

the magnetic hydrocyclone, the permeability of the microparticle fluid should be 

relatively low. 

From the contour chart in figure 6-9a below (the legend applies to all contours), 

the locus of zero vertical velocity (C) in the 0.5h/m hydrocyclone is more 

pronounced than 1.5h/m permeability while the higher permeability hydrocyclone 

shows less intensity and smaller width of LZVV. This shows that the locus of zero 

velocity can be influenced by the permeability of the micro-doped particles in a 

hydrocyclone. This also reveals that fluids/ particles within the region of LZVV will 

move faster to the overflow in a cyclone with more pronounced (high intensity) 

LZVV than in the less pronounced or intense LZVV. 
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Figure 6-9: Effect of magnetic permeability on hydrocyclone Axial 

Velocity 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-9a: Effect of magnetic permeability on hydrocyclone Axial 

Velocity-Contour Plots 
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6.3.3.3  Radial Velocity 

The radial velocity for different permeability considered all produce almost the 

same value indicating that increasing permeability does not significantly change 

the radial velocity when compared to other velocities. The negative values of radial 

velocity indicate that the direction of flow is from the wall to the centre (Vieira, 

2011) while the positive value indicates movement from the centre to the wall. 

This result shows that the radial dragging of the particles towards the centre of 

the cyclone is not significantly affected by permeability. 

 

 

 

 

Figure 6-10: Effect of magnetic permeability on hydrocyclone Radial 

Velocity 
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suppression of turbulence kinetic energy at lower permeabilities (Chan, 2005).  
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permeability on eddy current as magnetic permeability greatly affects the eddy 

current (García-Martín, 2011). This eddy current does play a minor role in energy 

dissipation (Beatrice, 2008). Therefore, it can be concluded that the influence of 

the eddy current on the dissipation of energy is more prominent in the cylindrical 

part of the hydrocyclone (where the turbulence is not fully developed) as particles 

with higher permeability (which result in increased eddy current) have a lower 

dissipation of energy from large eddies to low eddies, therefore, high kinetic 

energy. However, in the conical section when the flow is fully turbulence, the 

impact of the eddy current was very low and therefore the disparity in the 

turbulence kinetic energy of the different permeabilities was minimal in the conical 

section.  

6.3.5    Pressure Drop 

Figure 6-12 shows the graph of pressure drop against permeability, the pressure 

drop is seen to increase with decreasing permeability (Klaentschi, 1998; You L., 

2020). According to the literature (Svarosky, 2000), the higher the pressure drop, 

the greater the separation efficiency and this is what was recorded on the efficiency 

graph (figure 6-4) above. Although the change in pressure drop is not significant 

between 0.5h/m and 1.5h/m, a significant change was seen when the permeability 

increases from 1.5h/m to 3.0h/m permeability. 

 

 

 

 

Figure 6-11: Effect of magnetic permeability on hydrocyclone 

Turbulence Kinetic Energy 
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Figure 6-12: Effect of magnetic permeability on hydrocyclone Static Pressure 
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6.3.6   Split Ratio at different magnetic permeability 

The split ratio between the inlet and the overflow was examined and figure 6-12a 

reflects the result of this.  

𝑆𝑝𝑙𝑖𝑡 𝑟𝑎𝑡𝑖𝑜 =
𝑈𝑢𝑛𝑑𝑒𝑟𝑓𝑙𝑜𝑤

𝑈𝑖𝑛𝑙𝑒𝑡
 

Figure 6-12a shows the effect of magnetic permeability on the split ratio in a 

magnetic hydrocyclone. The split ratio reduces with increasing magnetic 

permeability and this suggests that the efficiency of the hydrocyclone with higher 

permeability will be lower than the efficiency of a hydrocyclone with lower 

permeability. From the separation efficiency results above, it can be concluded 

that the higher split ratio the more the quantity of fluid that will be seen in the 

overflow section of the hydrocyclone and also the particles that will be discharged 

are larger at the underflow section of the hydrocyclone. 

 

6.4 Effect of Micro-Particle Density on Hydrocyclone 

Separation efficiency of Oil-Emulsion Without 

the Use of MhD 
 

The density of microparticle changes as a result of changes in the size of the 

microparticle or the material used for the microparticles. The higher the density of 

the magnetic particle the smaller the size of particles (Kar Nanda, 2019). In this 

section, the effects of changing the density of this micro-doped particle on the 

efficiency, pressure, and the fluid flow of the cyclone will be analysed.  

The geometry used for the simulation is the same used in the hydrocyclone above, 

the microparticle density was varied. The properties of the microparticles used for 

the different simulations are shown in the table below. 
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Table 6-3: Properties of Microparticles used for Density Analysis 

simulations 

Density (kg/m3) 2175 3175 5175 

Magnetic permeability (h/m) 1.5 1.5 1.5 

Electrical conductivity (siemens/m) 2000000 2000000 2000000 

Charge density  7.02 7.02 7.02 

 

6.4.1     Efficiency 

In a hydrocyclone, the separation efficiency increases with increasing particle 

density (Cilliers, 2000; Ji Li, 2017). This same principle was seen to be applicable 

when microparticles of various densities were reviewed. The increasing density of 

the microparticle was seen to improve the efficiency of the cyclone. 

 

 

 

Figure 6-13: Effect of magnetic density on hydrocyclone efficiency 
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inlet velocity, and the rotating speed have a great effect on the split ratio (Jiang, 
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From figure 6-14, it can be seen that the split ratio increases with increasing 

particle density from 2175 kg/m3 and 3175 kg/m3; and the split ratio of both 

magnetic particle density of 3175kg/m3 and 5175kg/m3 were approximately 0.97 

showing that there is a maximum density after which further increase in density 

will not significantly affect the split ratio in the hydrocyclone 

 

 

 

Figure 6-14: Effect of magnetic density on hydrocyclone split ratio 

 

6.4.3    Pressure 

The pressure drop in the higher density hydrocyclone was also seen in figure 6-15 

to be higher than the pressure in the lower density hydrocyclone and this can be 

explained with the pressure calculation equation given by Svarosky L, 2000. The 

pressure drop is directly proportional to the fluid density, therefore increase in 

density increases the pressure drop in the cyclone since the overall density of the 

fluid increases with increasing density of the microparticle. 
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 𝜌  is the density of the fluid 

𝑣  is the flow velocity 

 

 

 

 

Figure 6-15: Effect of magnetic density on hydrocyclone split ratio 

6.4.4    Velocity Distribution  

The velocity profile of a hydrocyclone can effectively predict the flow pattern in the 

cyclone. The three-dimensional nature of the flow produces an anisotropic flow 

near the inlet region and axial-symmetric flow is possible without losing the main 

features of the vortex motion (Concha, 2007) 

6.4.4.1   Tangential Velocity 

From the tangential velocity profile in figure 6-16 below, it can be seen that the 

tangential velocity distribution in micro-doped particles increases as density 

increases. The tangential velocity profile also reflects a typical hydrocyclone 

tangential velocity profile with the free and forced vortex. The increasing density 

increases the tangential velocity in both the free and the forced vortex zone. The 

tangential velocity in the cylindrical and conical sections is similar for the 

2175kg/m3 with the peak of the free and forced soon almost the same. However, 

in higher densities (3175 kg/m3 and 5175 kg/m3) the tangential velocities in the 

forced vortex zone were lower in the conical section than in the cylindrical section. 
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The strength of the centrifugal force used in the cyclone separation is determined 

by the tangential velocity Jiang L. (2019). The high tangential velocity in a higher 

density hydrocyclone, therefore, means that greater centrifugal force will be 

experienced in the 3175 kg/m3 and 5175 kg/m3 hydrocyclone than 2175 kg/m3. 

Therefore, higher density particles move faster in the proximity of the walls 

(Fornari, 2018). It is also not surprising that the tangential velocity of 3175 kg/m3 

to 5175 kg/m3 are almost equal, indicating that increasing the density from 3175 

kg/m3 to 5175 kg/m3 will not have a huge impact on the separation of the particles 

in the hydrocyclone. 

 

 

 

 

 

Figure 6-16: Effect of magnetic density on hydrocyclone Tangential 

Velocity 
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2175 kg/m3 3175 kg/m3 5175 kg/m3 

Figure 6-17: Effect of magnetic density on hydrocyclone Tangential 

Velocity Contour Plots 

 

As can be seen, the velocity distribution is affected by the density of the fluid with 

3175kg/m3 and 5175kg/m3 having a higher velocity than the 2175kg/m3 

hydrocyclone. This can be credited to microparticle aggregation that takes place 

at higher density. This aggregation results in a decrease in friction (Bao 2019) 

between the fluid-particle and the particle-wall in the cyclone which therefore can 

contribute to increasing velocity. When microparticles are evenly distributed, the 

influence of viscosity on velocity profiles is dominant, otherwise, aggregation, 

aggregation-configuration and distribution of microparticles have a dominant 

impact on the flow characteristics of fluid (Bao, 2019). 

From the tangential velocity contour plots (figure: 6-17), it can be seen that the 

tangential velocity around the core region increases with increasing density while 

away from the core towards the wall the tangential velocity decreases with almost 

zero showing the no-slip condition used in the simulation. This shows mass 

conservation, as the speed close to the wall reduces to zero, the speed in the 

central region of the pipe increases.  
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6.4.4.2  Axial Velocity 

The axial velocity is a function of the radial position in which the measurement was 

taken (Chiné, 2000). In this section, the axial velocity was taken at a point 

Z=0.8Dc which falls above the vortex finder in the cylindrical section and at point 

Z=1.6Dc which falls below the vortex finder and also in the conical section.  

Figure 6-18 shows that the lower density micro-doped fluid hydrocyclone has lower 

axial velocity than the higher density fluid. The upward shape is an indication that 

flow reversal is taking place and consequently separation is taking place (Cullivan 

2003). Figure 6-18 also indicates that the rate of fluid movement to the overflow 

increases with increasing density. The reduction of axial velocity in 2175 kg/m3 

means more of the fluid mixture (magnetic particle and water) is being drained 

into the spigot section of the cyclone (Bing Liu, 2019) when compared to the higher 

density hydrocyclones. 

The axial velocity contour plot in figure 6-19 above shows that the mean axial 

velocities for the cyclone vary with densities. The noticeable difference in the axial 

velocities is at the core of the cyclone. The contour plot is seen to be more 

pronounced as the density of the fluid increases most especially at the overflow 

section of the cyclone where the axial velocities were seen to be at a peak for all 

the cyclones. The increase of axial velocities at the overflow can be attributed to 

the increase in the quantity of fluid going out of the vortex finder which can also 

be associated with the pronounced core centre in the higher density hydrocyclone. 
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Figure 6-18: Effect of magnetic density on hydrocyclone Axial Velocity 

Contour Plots  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2175 kg/m3 3175 kg/m3 5175 kg/m3 

Figure 6-19: Effect of magnetic density on hydrocyclone Axial Velocity 

Contour Plots 
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6.4.4.3   Radial Velocity 

The radial velocity profiles in both the cylindrical and conical section of the cyclone 

are similar for the densities considered. Although a slight shift was noticed for the 

5175 kg/m3 hydrocyclone. The slight change can be credited to a slight change in 

the movement of fluid/particles from the wall to the centre of the cyclone, and 

from this centre to the wall. Changes like this can affect the velocity stochastic 

turbulent transport of particles between the wall and the core of the cyclone 

(Cullivan 2003). 

 

 

 

 

Figure 6-20: Effect of magnetic density on hydrocyclone Radial 

Velocity 

 

6.4.5  Turbulence Kinetic Energy  

According to Zhou (2014), magnetic nanoparticles properties have no effect on 

fully developed turbulence, therefore the changes in the turbulence kinetic 

evaluation below are mostly due to the density differential. Turbulence kinetic 

energy is formed by friction or buoyancy, fluid shear under and in unstable 

conditions (Yue, 2015) 

The graph of the turbulence kinetic energy below shows that the turbulence kinetic 

energy of the 2175 kg/m3 is higher than 3175 kg/m3 and 5175 kg/m3 both in the 
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more large-scale eddies than the 3175kg/m3 and 5175kg/m3 density 

hydrocyclones especially in the cylindrical section of the cyclone where turbulence 

is formed. In the Reynold stress model, the turbulence kinetic energy is 

proportional to the rate of kinetic energy dissipation from the mean flow to the 

velocity field. The production term of the RSM model accounts for the transfer of 

kinetic energy in the turbulence flow. The higher the production rate, the higher 

the transfer of kinetic energy from the mean flow to the velocity and also the 

greater the rate of energy dissipation. The relationship is represented by the 

equation provided by Menter, 2012 

𝑃𝑘

𝜀
= √2𝐶𝜇𝐼𝐼𝑆         6e 

Therefore, an increase in turbulence kinetic energy will mean that less kinetic 

energy is transferred from the mean flow to the velocity field and a decrease in 

turbulence kinetic energy will mean more energy is transferred from the mean flow 

to the velocity field. 

Where 𝐼𝐼𝑆 is the tensor invariants, 𝐶𝜇 is the constant, 𝑃𝑘 is the production of kinetic 

energy, 𝜀 is the dissipation. 

 

 

 

 

 

Figure 6-21: Effect of magnetic density on hydrocyclone Turbulence 

Kinetic Energy 
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The turbulence kinetic energy contour shown in figure 6-22 below shows the 

2175kg/m3 hydrocyclone having the highest turbulence kinetic energy and that 

the highest turbulence kinetic energy was seen around the top of the vortex finder 

for all the hydrocyclones indicating that the swirl effect is very low around this area 

and consequently the rate of dissipation energy is low, with 2175kg/m3 having the 

lowest dissipation energy. 

 

 

 

 

 

 

 

 

 

 

 

 

2175 kg/m3 3175 kg/m3 5175 kg/m3 

Figure 6-22: Effect of magnetic density on hydrocyclone Turbulence 

Kinetic Energy Contour Plots 

 

 

6.4.6   Swirl Strength at Vortex Core Region 

From figure 6-23 below, the swirl strength increases with the magnetic particle 

density with 2175kg/m3 having a lower swirl strength than 3175 kg/m3 and 5175 

kg/m3. The swirl strengths of the 3175kg/m3 and 5175kg/m3 were almost the 

same. Swirl strength is an effective vortex indicator in wall turbulence (Chen 2018) 

therefore the vortex formation in the higher density microparticle hydrocyclone 

can be interpreted as being more than vortex formation in the low-density 

hydrocyclone. Since a highly unsteady turbulent swirling flow is affected by a 

strong pressure gradient (Mulu, 2014), we can equally conclude that the pressure 
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gradient in hydrocyclones with 3175 kg/m3 and 5175 kg/m3 is more than the 

pressure gradient in a 2175 kg/m3 hydrocyclone. 

 

 

 

2175 kg/m3 

 

 

3175 kg/m3 

 

 

5175 kg/m3 

Figure 6-23: Effect of magnetic density on hydrocyclone Swirl Strength 

of 0.01 at full convergence  

 

6.5 Effect of Charge Density of Micro-particles in 

Magnetic Hydrocyclone Separation 

Volume charge density is the quantity of the charge per unit volume at any point 

on a surface charge distribution in a three-dimensional surface. It is measured in 

coulombs per cubic metre. The effect the surface charge will have on the 

microparticle performance has been looked at in different fields, results from 

previous work have shown that the effect of the surface charge depends on the 

type of microparticle used, the degree of positivity or negativity of the charge, the 

particle size and on the type of operation that is being reviewed (Daniel, 2010; Kai 

Xiao, 2011; He, 2010; Li, 2019; Abbas, 2007). Higher charge density has been 

linked to smaller particle size (Li, 2019; Abbas, 2007) in microparticles, most 

especially when particles are of the size range of 10nm or smaller, a large particle 

is expected to have a lower charge density.  

Although in this section of the study, we have considered the use of relatively large 

magnetic particles, the effect the surface charge of the magnetic particle will have 

on the separation of oil from water will be reviewed. A positive charge was used in 
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the simulation because positively charged particles naturally move downward while 

negative charge particles move upward. Since Watson's style of magnetic 

hydrocyclone was simulated, particles will be attracted to the wall and move down 

to the spigot; the positive charge is expected to enhance the separation in 

comparison to the negative charge magnetic particles.  

The same geometry used for the other simulations above was modeled with all 

parameters remaining the same except for the microparticle charge density that 

was varied. The properties of the microparticles used for the different simulations 

are shown in the table below. 

Table- 6-4: Magnetic particle properties at varying charge density 

Density (kg/m3) 5175 5175 5175 5175 

Magnetic permeability (h/m) 1.5 1.5 1.5 1.5 

Electrical conductivity 

(siemens/m) 

2000000 2000000 2000000 2000000 

Charge density (c/m3) 3.0 4.0 6.0 7.02 

 

 

Results and Discussion of results 

6.5.1.     Efficiency 

From figure 6-24 below, it can be seen that the charge density has minimal effect 

on the separation efficiency with particles having higher charge density yielding 

the highest efficiency while the lower surface charge particle has slightly lower 

efficiency. This can be attributed to the electrostatic repulsion between the 

particles of the produced water and the micro-doped oil, as the higher the charge 

density the larger the electrostatic repulsion (Li, 2019, Bossa 2016) and therefore 

better separation.  

An increase in charge density leads to decrease in interfacial assembly (Luo, 2012) 

between particles and produced water. The repulsive force has a long-range 

dipolar and short ranges exponentially decaying components, the magnitude of 

this long-range dipolar interaction is largely determined by the residual charges 

that remain attached to the oil exposed region of the microparticle (Bossa, 2016).  
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Figure 6-24: Effect of charge density on hydrocyclone efficiency 

6.5.2     Split Ratio  

From figure 6-25 below, it can be seen that the pressure drop decreases with 

increasing split ratio with 3c/m3 having the highest split ratio of about 96.8% while 

7c/m3 have the lowest split ratio of about 95.3%  

Since this type of magnetic hydrocyclone behaves like a typical solid-liquid 

hydrocyclone, more water is expected at the overflow when the charge density is 

higher (lowest split ratio) than when the charge density is lower. An increase in 

the water at the overflow shows better separation and an improved separation will 

mean more of the magnetic particles will be discharged via the underflow (Yuan, 

2015; Jian-Feng Yu, 2016). 

Finally, changes in the split ratio are minimal, with the difference in split ratio 

between 3.0c/m3 and 7.0c/m3 less than 2%.  
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Figure 6-25: Effect of charge density on hydrocyclone Split Ratio 

6.5.3    Velocity Profile  

Figure 6-26 below reveals that the velocity profile is weakly affected by the charge 

densities considered with 7c/m3 having the highest tangential and axial velocity 

profile and no change was observed in the radial velocity profile for the varied 

charge densities. 

In the tangential velocities, both the cylindrical and conical sections show the 

attributes of Rankine vortex with a forced and free vortex at the core and towards 

the wall respectively. In the free vortex zone, the 7c/m3 charge density was slightly 

higher than the other charge densities in both the cylindrical and conical sections. 

According to Daniel 2007, the velocity of a free particle is directly proportional to 

the surface charge density on the particle meaning there is a direct relationship 

between charge density and tangential velocity and consequently the effective 

force acting on magnetic hydrocyclones (since tangential velocity is a measure of 

centrifugal force). 

Although changes in the axial velocities with varying velocities were minimal, the 

axial velocities were in accordance with typical hydrocyclone axial velocity. The 
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conical section also follows the typical hydrocyclone profile with flow reversal 

towards the overflow of the cyclone. 

The radial velocity is the same for all the charge densities showing that radial 

movement of the fluids and particles are all at the same rate. The radial velocity 

shows all the attributes of a typical hydrocyclone radial velocity; positive on one 

side and negative on the other. The positive and negative values are a result of 

the non-symmetrical nature tangential inlet (Utikar 2010). In accordance with 

Muschelknautz (1972), the velocity increases towards the vortex finder and 

decreases away from the vortex finder. 

6.5.4   Turbulence Kinetic Energy 

The turbulence kinetic energy determines the mean kinetic energy per unit mass 

associated with eddy inflow. From figure 6-27 below, it can be seen that with 

increasing particle charge density, a decrease in turbulence kinetic energy was 

seen. At small charge density, high turbulence is experienced and this is associated 

with low dissipation of energy from large eddies to small eddies; this reduces the 

rate of small eddies production and pressure strain interaction (Torbergsen, 1998) 

therefore there is a reduction in the conversion of large eddies into small eddies. 

Just as in other hydrocyclones, the turbulence kinetic energy at the wall is lowest 

and as expected the eddies at the centre of the cyclone are highest. At the wall, 

the small eddies kinetic energy is converted into intermolecular energy but the 

movement of flow is from the wall to the centre of the fluid, the free stream energy 

is transferred large eddies and large eddies to smaller eddies (Biferale, 2003). 

6.5.5   Swirl Strength at Vortex Core Region 

The result of the swirl shows almost similar strength with increasing charge 

density. The intensity of the swirl is characterized by the swirl number which is the 

ratio of the axial flux of the angular momentum to the axial momentum flux times 

the equivalent radius (Mulu, 2015). The equation for the swirl strength is given in 

equation 6-f below.   
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Velocity at Z=0.8Dc Velocity at Z=1.6Dc 

Figure 6-26: Effect of charge density on hydrocyclone velocities 
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Velocity at Z=0.8Dc Velocity at Z=1.6Dc 

Figure 6-27: Effect of charge density on hydrocyclone Turbulence 

Kinetic Energy 

 

𝑆𝑤 =
∫ 𝑈𝑉𝑟2𝑑𝑟

𝑅
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𝑅
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         6-f 

 

U=  Axial velocity component 

V=  Tangential velocity component  

R= Exit Radius 

Since the tangential and the axial velocity are not strongly affected by the particle 

charge density, the swirl cannot be strongly affected as shown below. The 

similarity in swirl strength also means the entrainment in the flow is almost the 

same for all the charge densities considered (Tamrin, 2015; Beer and Chigier, 

1972), thus the velocity decay’ rate is almost the same. 

 

 

 

 

 

 

 

0.05

0.10

0.15

0.20

0.25

0.30

0.35

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

Tu
rb

u
le

n
ce

 K
in

et
ic

 E
n

er
gy

 (
m

2
/s

2
)

Radial distance (m)

3c/m3 4c/m3 6c/m3 7c/m3

0.05

0.10

0.15

0.20

0.25

0.30

0.35

-0.04 -0.02 0.00 0.02 0.04

Tu
rb

u
le

n
ce

 K
in

et
ic

 e
n

er
gy

 (
m

2
/s

2
)

Radial distance (m)

3c/m3 4c/m3 6c/m3 7c/m3



227 

 

 

 

 

 

 

 

 

 

3c/m3 4c/m3 6c/m3 7c/m3 

Figure 6-28: Effect of charge density on hydrocyclone Swirl Strength 

of 0.01 at Full Convergence 

 

6.6     Summary of Chapter 

This chapter looks at the effect of the use of a micro-doped hydrocyclone and a 

magnetic hydrocyclone on the separation of oil from produced water. The micro-

doped hydrocyclone evaluates the separation of micro-doped oil without inducing 

magnetism while the magnetic hydrocyclone evaluates the separation of micro-

doped oil with induction of magnetism into the hydrocyclone. The effect the 

magnetic density, charge density and microparticle permeability will have on the 

separation efficiency and fluid flow was also evaluated. 

 

The flowrate analysis result shows that the magnetic hydrocyclone yields better 

separation for particles less than 10µm for all the mass flowrate considered while 

the micro-doped hydrocyclone performs better to improve the efficiency of 

particles between 10µm and 30µm. The pressure drop in magnetic hydrocyclone 

decreases with increasing flowrate; the difference between the pressure drop of 

micro-doped and magnetic hydrocyclones was in the generation of eddy current 

due to the introduction of magnetic field. Increasing the concentration of particles 

was also seen to increase the split ratio in the three types of hydrocyclone 

examined. The influence of the use of micro-particles and inducing magnetic was 

more pronounced on the velocity profile when the concentration was lower.  
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Analysis of the effect of magnetic permeability was seen to show that decreasing 

magnetic permeability increases drag force, lift force and moment while the 

velocity profile (tangential, axial and radial) of a lower permeability microparticle 

hydrocyclone was to have a higher velocity profile than the highly permeable 

microparticle hydrocyclone. The pressure and split ratio were also seen to decrease 

with increasing permeability. 

 

The microparticle density result analysis shows that increasing the density of the 

microparticle increases the separation efficiency; the split ratio, however, 

increases from a density of 2175kg/m3 to 3175kg/m3 after which a further increase 

of density from 3175kg/m3 to 5175kg/m3 did not significantly affect the split ratio. 

The difference in pressure drop was also not significant but with increasing density 

yielding a slightly higher pressure drop.   The tangential and axial velocity were 

affected by the change in density with a hydrocyclone with microparticles of 

2175kg/m3 density having lower velocity compared to the 3175kg/m3 and 

5175kg/m3 hydrocyclone. The turbulence kinetic energy and the swirl strength 

were also seen to increase with increasing microparticle density. 

 

The final analysis evaluated in this chapter was the effect of charge density of the 

microparticle on hydrocyclone separation and the result reflects that increasing 

charge density increases separation, however, it decreases the split ratio although 

the difference was really small. Changes in the microparticle charge density did 

not significantly affect the velocity profile but did affect the distribution of the 

turbulence kinetic energy in the hydrocyclone while the swirl strength remains the 

same.  
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7.0 Conclusion, Future Work and 
Recommendation  

 

 

 

 

7.1     Conclusion 
A hydrocyclone is an equipment that can be used for separating liquid or solid 

separation from produced water. The hydrocyclone has a proven record of 

efficiently separating particles more than 10-20µm from produced water. However, 

when the particle size is less than 10µm, the separation efficiency of the 

hydrocyclone greatly reduced. Thus, the research objective is to improve the 

separation efficiency of the hydrocyclone for fine oil droplets/ particle from 

produced water in the oil and gas industry. To achieve this aim, the use of 

microparticles was employed. 

The effect of doping the oil in oil emulsion with magnetic particles and using the 

hydrocyclone to separate the micro doped oil emulsion was analysed. The 

hydrocyclone used for this was called micro-doped hydrocyclone, the effect of 

inducing magnetism into the micro-doped hydrocyclone was reviewed using a  

magnetic hydrocyclone. Computational fluid dynamics (CFD) was used to 

investigate the influence of microparticles and magnetic induction in hydrocyclone 

separation.  The simulation predicted the performance of a conventional 

hydrocyclone, micro-doped hydrocyclone and magnetic hydrocyclone. The analysis 

of the effect of the microparticle charge density, permeability, density was also 

reviewed in the process to ascertain the influence of this microparticle properties 

on the separation of the micro-doped oil from water and also the influence on the 

fluid flow of the hydrocyclones. 

The first set of analysis established the efficacy of the use of computational fluid 

dynamics in analysing fluid flow in a hydrocyclone and confirms the mesh 

independency of the model. A review of the appropriate RANS turbulence model 
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was also done using eddy viscosity models (standard k-ε models, realizable k-ε 

models, renormalisation k-ε models and transition SST model hydrocyclone) with 

and without curvature correction terms and the RSM model and comparing the 

model results to Hseih’s experimental results.  

The next set of analyses investigates the effect of changing inlet/overflow 

dimension, outlet/spigot dimension and hydrocyclone cylindrical dimension on 

hydrocyclone separation and fluid flow. Comparison of liquid-liquid and solid-liquid 

separation and fluid flow was also reviewed using the same geometry and fluid 

properties.  

From the result of the conventional eddy viscosity models (without curvature 

correction terms), it was concluded that these models cannot predict the 

anisotropy flow in a hydrocyclone.  It was concluded that for a good accurate 

prediction of fluid flow in a hydrocyclone, the RSM is the best model to use among 

the models analysed. However, for a preliminary analysis, any of the eddy viscosity 

models can be used with the incorporation of curvature correction terms with 

emphasis on the SST and RNG models which produce better results than standard 

and realizable k-ε models. 

The geometrical analysis results show that a 75mm cylindrical diameter performs 

better than the 35mm and 50mm cylindrical diameter hydrocyclone while the 

25mm vortex finder and 12.5mm spigot section equally produce better results than 

other geometrical parameters analysed. Comparison of the liquid-liquid and the 

solid-liquid hydrocyclone simulation using the same geometry also shows that the 

solid-liquid hydrocyclone produces a better performance than liquid-liquid 

separation. Though, most of the fluid flow parameters analysed showed similar 

result for the solid-liquid and liquid-liquid hydrocyclone with the exception of axial 

velocity and turbulence kinetic energy where significant changes were seen.  

The result of the use of a microparticle and magnetic hydrocyclone shows that a 

magnetic hydrocyclone can improve the efficiency of particles less than 10µm by 

more than 30%, therefore it was concluded a magnetic hydrocyclone is better used 

for particle sizes less than 10µm. The micro-doped hydrocyclone is better to be 

used to improve the efficiency of particles between 10-30µm while the 

conventional hydrocyclone is better used for a particle size greater than 30µm. It 
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can also be concluded that the density difference as a result of the use of 

microparticle is the most important factor influencing separation.  

The influence of microparticle density on magnetic hydrocyclone separation was 

also reviewed and it was concluded that increasing the density of the microparticle 

increases the separation efficiency. The split ratio increases from a density of 2175 

kg/m3 to 3175 kg/m3 after which a further increase of density from 3175 kg/m3 to 

5175 kg/m3 did not significantly affect the split ratio. The difference in the pressure 

drop was also not significant but with increasing density yielding a slightly higher 

pressure drop.  

Decreasing magnetic permeability increases the drag force, lift force and moment 

while a hydrocyclone with lower permeability has higher velocity profile than 

hydrocyclone with high permeability. The pressure and split ratio also decrease 

with increasing permeability.  Finally increasing the microparticle charge density 

increases separation, however, it decreases the split ratio although the difference 

is really small.  

Changes in the microparticle charge density did not significantly affect the velocity 

profile but did affect the distribution of the turbulence kinetic energy in the 

hydrocyclone while the swirl strength remains the same. 

 

7.2    Future Work and Recommendations 
Comprehensive work was done on the use of micro and nano particles and the 

induction of magnetism into a micro and nano-doped hydrocyclone, analysis of the 

influence of magnetic particle concentration, charge density, permeability and 

density on hydrocyclone separation has also been reviewed. However, a good 

understanding of the type of magnetic particle and the improvement/ development 

of microparticles that can better improve the efficiency should be looked at in 

future work.  

A mathematical model on the use of the magnetic hydrocyclone is also an 

important analysis to better understand magnetic and micro-doped hydrocyclone 

performance. I would also strongly recommend an experimental analysis of this 

work as a future study and research. 
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The influence of microparticles on the separation of clay and other fine solid 

particles should also be reviewed in future work plus the improvement to polymer 

used in micro-doping. 

The use of an electric field instead of magnetic field should be reviewed to reduce 

the size and weight of the hydrocyclone skid for an industrial setting. 

Although the RSM model provides acceptable results, for industrial hydrocyclone 

analysis LES should be used to carry out any computational analysis on the 

hydrocyclone. 
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